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SUMMARY 


The present report covers tests made on elliptical cyl- 
inders with a center supjjort which were subjected to various 
simple and combined loadings. The tests yielded a series of 
interaction curves for combined loadings on such cylinders 
which should be useful in wing nose section analysis.. 


INTRODUCTION 


The primary object of this research project was the de- 
termination of design criteria for the nose sections of air- 
plane wings. Since the nose portions of most wing sections 
can be approximated fairly closely by portions of ellipses, 
it was decided to use unstiffened elliptical cylinders for 
test specimens in this research. These cylinders were de- 
signed in such a way that the boundary restraints of the 
sheet simulated the boundary restraints present in the sheet 
covering of an actual wing nose section. 

The physical parameters tested were: 

1. The degree of ellipticity e - that is, the ratio 
of the semimajor to the semiminor axis of the 
ellipse 

3. The length of the cylinder L, usually expressed as 
a suitable dimensionless parameter 

3. The thickness of the sheet covering t, usually ex- 
pressed as a suitable dimensionless parameter 
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The loading conditions to which, the cylinders were sub- 
jected were as follows: 

1 . Pure torsion 

2. Pure bending 

3. Bending plus torsion 

4. Bending plus vertical shear 

In all cases, the bending moments and the shears were ap- 
plied in the plane of the minor axis of the section. 

This investigation, conducted in the Structures Labora- 
tory of the Guggenheim Aeronautical Laboratory of the Cali- 
fornia Institute of Technology, was sponsored by and con- 
ducted with the financial assistance of the national Advi- 
sory Committee for Aeronautics, 


SYMBOLS 


A area enclosed by cylindrical shell (Cylinder cross- 

sectional area), square inches 

A g cross-sectional area of sheet making up cylinder but 
neglecting cover plates, square inches 

a semimajor axis of elliptical part of specimen (Also 

used as radius of circular cylinders), inches 

b semiminor axis of elliptical part of specimen, inches 

E modulus of elasticity of material (Taken as 10 t 3 x 

10 6 psi throughout report) 

P shear load at buckling wh i c h , acting at lever arm i, 

causes bending moment m- 0 = FI, pounds 

I c moment of inertia of cover plates about specimen neu- 
tral axis, inches 4 

Ig moment of inertia of sheot covering of specimens about 
specimen neutral axis, inches 4 
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= 1+1 


total moment of inertia of specimen, inches" 
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a nondimensi onal bending stress defined as K = — J2. 

St 

length of cylindrical specimens between end supports, 
inches 

lever arm for applied shear load, inches 
bonding moment carried by sheet only (excluding that 
carried by cover plates), inch-pounds fli = m — - - 


bonding moment applied to specimen, inch-pounds 
bending moment carried by sheet only at buckling, 
inch pounds f = m-^ 

V I t J 

bending moment applied to specimen at buckling, inch- 
p ounds 

torsional moment carried by sheet only, inch-pounds 
(Assuming that the contributi on of cover sheets is 
negligible, M t = m t . ) 

applied torsional moment, inch-pounds 

applied torsional moment at buckling, inch-pounds 

applied torsional moment at specimen failure, inch- 
p ounds 

bending moment carried by sheet only at failure, inch- 

1 , 


pounds 


(S ■ % £) 


applied bending moment at specimen failure, inch-pounds 
thickness of sheet covering, inches 

degree of ellipticity of elliptical part of specimen - 
that is, ratio of semimajor to semiminor axis of 
ellipse (c = a/b) 
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p 0 maximum radius of curvature of elliptical part of 
specimen, inches 

maximum bending stress at buckling corresponding to 
t P s 1 

1 maximum bending stress corresponding to moment sup- 
ported by a cylindrical specimen immediately after 
buckling takes place, psi 


CT-b maximum bending stress at buckling due to pure bending 
that is, no other applied loads, psi 


CT u 

maximum bending stress at 

failure of specimen, 

psi 

CT ut s 

ultimate tensile strength 

of materi al , psi 



CT y 

yield stress of material 

(0,2-percent offset), 

psi 

T 

torsional shearing stress 

, psi 



T b 

torsional shearing stress 

corresponding to 


, psi 

X 

torsional shearing stress 
pure torsion, psi 

corresponding to 

m t 

for 

Ts l> 

direct average shearing s 
ing to P, psi 

tress at buckling 

correspond 

T u 

torsional shearing stress 

corresponding to 

“tu 

» psi 

T «0 

torsional shearing stress 
case of pure torsion, 

corresponding to 
psi 

“tu 

for 


EXPERIMENTAL 

TECHNIQUE 




Material and Material Tests 


Since it is a very commonly used aircraft structural 
material, 24S-T aluminum alloy was chosen for the purposes 
of the experimental investigation. This material was ob- 
tained in nominal sheet thicknesses ranging from 0,01 0 to 
0*040 inch. Despite the relatively large deviations from 
the nominal dimensions of the sheet supplied during the 
course of the research program, the individual sheets them- 
selves were reasonably uniform. 
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Random samples were selected from the various shipments 
of material in an effort to obtain representative properties 
of the actual material used in the construction of the test 
specimens. The testing of these samples was limited to that 
of tension only* since the most important property dosired 
was that of the modulus of elasticity E, which was assumed 
to "be the same in tension and compression. 

These material tests were conducted in a standard 
Riehle testing machine having a maximum rated capacity of 
3000 pounds. Strain measurements were made by means of 
Huggenberger type ext ens omet er s having a magnification of 
approximately 300 times. Typical tensile stress-strain 
curves are presented in figure 1 and a complete summary of 
test results is given in table I, from which figure 2 has 
been plotted. The scatter of experimental points in figure 
2 may be attributed to variations in the material itself and 
to the limitations imposed upon the attainable accuracy by 
the experimental procedure used. 

Inspection of figure 2 indicates that the modulus of 
elasticity E is substantially independent of the direction 
of loading relative to the sheet grain, and has an average 
value of 10,3 X 10° psi. The ultimate tensile stress. <? u ts 

is slightly less across the grain than with the grain; while 
the difference in the defined yield stress (a^ r ~ 0.2 percent 

offset in the initial gage length) is more marked. The av- 
erage values and variations of tensile properties with grain 
direction are in agreement with previously published results, 
(See references 1 and 2.) While of genoral interest, these 
variations are of secondary importance to the basic .research 
project, since buckling of the test cylinders occurs at 
stresses considerably below the defined yield point. 


Test Specimens 

The specimens consisted of two semielliptical (or semi- 
circular) segments of sheet supported and clamped at the 
ends of the minor axis of the ellipse, thus simulating two 
wing nose sections mounted to a common spar and tested as a 
unit. (See fig, 3a.) It was at first thought possible to 
use a Wagner spar as a means of providing the required beam 


^Approximate compression properties may be obtained if 
desired by use of table 1-1 of reference 1, 
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support and to subtract the effect of this spar in order to 
determine the net-load-carrying properties of the curved 
sheet alone. After several tests had teen completed under 
different loading conditions, it was decided that the pres- 
ence of a spar having relatively large bending and shear 
rigidities made it very difficult to obtain accurate and re- 
liable results of the net strength of the sheet covering. 

It was therefore decided to replace the Wagner type 
spar by the system of vertical spacer blocks illustrated in 
figure 3b. The spacer blocks were joined by a series of 
loose links in such a manner that relative motion in all 
directions was possible. This completely eliminated the 
difficulty of shear rigidities and reduced the problem of 
the bending rigidity to a minimum. In order to prevent 
buckling of the sheet covering between spacer blocks, cover 
plates were placed above and b el ow the junctions of the two 
semielliptical sections of sheet. The thickness of these 
cover plates was so chosen that they would have a slightly 
higher buckling load than that of the curved sheets. It can 
be readily seen that this means of support would contribute 
only negligibly to the shear and torsional strength of the 
specimen, and v/ould carry a definite, calculable amount of 
bending moment. 

At the ends of the specimen were 1-inch-thick steel 
plates having the cross section of the desired ellipticity, 
with the addition of a 2-inch rectangular center section to 
which was attached the above-mentioned support and cover 
plate system. These end plates served a twofold purpose* 
namely , 

1. They held the ends of the sheet covering to the 

correct contour. 

2. They provided a convenient means of attaching the 

specimen to the testing machines. 

With regard to the first item, the sheet was firmly held to 
the end plates by l/4-inch bolts which screwed into tapped 
holes, spaced 1 inch apart around the circumference of the 
specimen. For specimens where the failing stresses were 
quite high, steel bands having the shape of the end plates 
were placed between the bolt heads and the sheet to distrib- 
ute the clamping loads of the bolts and to prevent interbolt 
buckling. A photograph of the assembled specimens is shown 
in figure 3c. 
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In the actual assembly of the specimens, considerable 
care was taken to avoid soft spots or wrinkles in the sheet 
covering and to insure that each specimen was as accurately 
formed as possible. There were several unavoidable in- 
stances when compliance with the above conditions was not 
obtained and, therefore, the validity and the consistency of 
the results of such tests were critically considered and the 
test results discarded when that was deemed advisable. 

All the specimens tested had a depth (equal to twice 
the length of the semiminor axis) of approximately 6 inches, 
the degree of ellipticity being obtained by variations in 
the length of the semimajor axis. The ellipt icities were 
1.0, 2.0, and 3,0; while the length of the specimens ranged 
from 1,0 inch to 34.0 inches. These variations, in conjunc- 
tion with the three nominal sheet thicknesses tested, 0.010, 
0.016, and 0,020 inch , reduced the program to a systematic 
investigation of the effect of the geometry of the test 
specimens on the 1 oad-carry ing abilities of the specimens. 


Test Apparatus and Testing Procedure 

Because of the various loading conditions decided upon 
for investigation, it was necessary to use several different 
testing machines during the course of the experimental pro- 
gram. Each of these machines will be discussed separately 
in conjunction with the description of the loadi.ng condi- 
tions for which they were used. 

The greater part of the pure torsion test program was 
conducted on a standard Olsen torsion-testing machine (see 
fig. 4) having a maximum rated capacity of 50,000 inch- 
pounds. As shown in this figure, a detachable loading jig 
consisting of a length of H-beam and a section of steel 
shafting was used to transmit the torsional moment from the 
jaws of the testing machine to the end plates of the test 
specimen. During the majority of these tests, angular de- 
flection measurements were taken over a portion of the 
length of the specimen, and were used to obtain a check of 
the buckling load determined from visual observations, since 
the point of buckling was marked by a change in the slope of 
the 1 oad-defl ec t i on curve. 

The remainder of the pure torsion, all the pure bending, 
and all the bending-plus-t or s i on tests were carried out in 
the b ond i ng- t or s i on machine shown in figure 5, In the cases 
of the pure torsion and bcnding-plus-t or s i on tests made in 
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this machine, angular deflection measurements were taken as 
"before. In conjunction with the pxire "bending and "bending- 
plus-torsion tests, extonsometer readings wore taken on "both 
the tension and compression sides of each test specimen in 
order to obtain the stress distribution in the specimen, 
both before and after buckling of the sheet covering had 
taken placo. 

The requirements of testing with a wide range of ratios 
of bonding moments to vortical shear forces in the bonding- 
plus-shear tests necessitated a special testing machine. 

This machine is shown in figure 6 and the working parts con- 
sist of a fixed face plate, shown to the right in this fig- 
ure, and a movable face plate, to which is attached the head 
of the loading arm. The specimen to be tested was placed 
between and bolted to this pair of face plates. In order to 
eliminate any tare loads from acting on the specimen during 
the testing operation, the loading arm and the movable face 
plate unit were count erweight ed through a knife-edge lover 
system, which was so designed as to be independent of tho 
amount of deflection of the loading arm. Thu.s, the loading 
arm was made floating with respect to the specimen. Por- 
tions of this counterweight system may be seen in the fig- 
ure. The variation of the bending- t o-she ar ratio was accom- 
plished merely by shifting the point of load application 
along the length of the central loading arm. During the 
bending-plus— vertical shear tests, extensometers ’were again 
mounted to the specimens in order to obtain an experimental 
value of the stresses in tho specimen. 

Sheet thicknesses were measured on a thickness gage 
reading to iO, 0003 inch. These measurements were made at 
several points on the individual shoots used in each speci- 
men, and since the variations were small for any one sheet, 
the average sheet thickness was recorded for the purpose of 
subsequent calculations. In some of the earlier tests, the 
sheet thickness that was used was the nominal thickness and, 
while this can have no marked effect on the validity of the 
results presented, it can bo noticed in the tabular data and 
therefore has been mentioned. 


EXPERIMENTAL RESULTS 


In all discussions which follow, the cylinders referred 
to as s emi ell ipt i cal or semicircular were those having a 
fixed support, such as is shown in figure 3, at the ends of 
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the minor axis* Cylinders referred to as circular or ellip- 
tical are sheet structures with no support other than that 
applied at the ends of the specimen. 


Pure Torsion of Semicircular Cylinders 

Since the problem of the strength of circular cylinders 
under pure torsion has “been extensively covered both theo- 
retically and experimentally (see references 3 and 4), it 
was decided to test first the semicircular and semielliptical 
cylinder in pure torsion. As in the case of the circular 
cylinders, the buckling load of the semicircular cylinders 
was very close to the utlimate load of the specimen. This 
is shown in table II, where it can be seen that the value of 

the torsional moment causing failure ra* is seldom more 

^u 

than a few percent higher than the torsional moment causing 
buckling . 


In order to express the torsional loads in terms of 
shearing stress, use has been made of the usual equation of 
torsional shearing stress in a thin-walled cylinder: namely, 


T = 


m t 

2At 


( 1 ) 


This equation is valid up to the point of buckling and, 
after buckling, gives a fictitious average shearing stress 
which, at failure, is analogous to the modulus of rupture in 
beams. Using equation (l), values far T ^ and T u have 

been calculated and are shown in table II. 

In reference 3, Donnell derives a theoretical expres- 
sion for the ultimate strength of short and moderately long 
cylinders of radius 11 a 11 and fixed ends subjected to a pure, 

torsional moment. This equation is 


( 2 ) 

A plot of this curve is shown as the short dashed line in 
figure 7. 

A curve faired through the experimental points for cir- 
cular cylinder’s (360° of unsupported skin) is also shown in 


VL 

Et 3 


= 5.06 *4- / 9 . 42 4 1.88 


3 v 1 • 5 

2 ta / 
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figure 7 as the long dashed curve, indicating that the ex- 
perimental values are somewhat less than those predicted 
theoretically* 

Using tlie same parameters for the semicircular cylin- 
ders (180° of unsupported skin) the data from table II have 
"been plotted in figure 7, A study of this figure brings out 
the following points: 

1. For the longer specimens (L"/2ta = 10,000) the ul- 

timate strength of the semicircular cylinders is 
approximately twice that of the circular cylinders. 

2. For the shorter cylinders (L°/2ta - 10) the semicir- 

cular cylinders have an ultimate strength which 
is only about 10 pcrcont greater than that of the 
circular cylinders. 

3. That equation (2) could be used for designing semi- 

circular cylinders and would be conservative for 
all specimens in which l*/2ta was greater than 
300 and would not become excessively nonconserv- 
ative down to a value of IT/ 2ta = 100 # A little 
later a more exact empirical equation will be 
given for the case of the semicircular cylinders. 

The large increase in the ultimate strength of the 
longer semicircular cylinders over that of the circular cyl- 
inders is explainable by a consideration of the buckle pat- 
tern of the two types of specimen. For moderately long 
specimens, the number of circumferential buckles is small 
(of the order of 2 in 360°); hence the added restraint duo 
to support at 0° and 180' J is quite effective in delaying the 
buckling. However, as the length decreases, the number of 
waves increases, so that the presence of the added restraint 
begins to lose its effectiveness. For the lower limit of 
the experimental data under discussion, the number of cir- 
cumferential buckles v/ as of the order of 16 so that any re- 
straint would have an effect on only a small percentage of 
the area going into the wave state. It is therefore proba- 
ble that for very short specimens, the experimental curves 
for the circular and semicircular cylinders would join since 
the effect of the restraint would become negligible. 


Pure Torsion of Semi ell ipti cal Cylinders 

Considering now the semielliptical cylinders, it is im- 
mediately obvious that conditions are quite different from 
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cylinders. The radius of 
a senielliptical specimen 
the ends of the minor axis 
the major axis, the magni- 
the ellipticity and the 
it may he expected that 


what they are in the semicircular 
curvature on the circumference of 
varies between a maximum value at 
to a minimum value at the ends of 
tude of these limits depending on- 
depth of the cross section. Thus 
the specimen would first huckle in the regions of maximum 
radius of curvature, and, under further increase in load, 
these buckles would extend diagonally towards the nose. At 
the same time, as each section of the circumference reached 
its critical load, depending on the local radius of curva- 
ture, new shear buckles would appear and propagate slowly. 
Owing to the fact that the minimum radius of curvature is 
located at the nose of the specimen, this nose portion would 
resist buckling in such a manner as to act as a stiffener. 
Consequently, a diagonal tension field would be formed j.n 
the remaining portions of the specimen. Under further in- 
crease of the applied load, the combined forces due to the 
induced tension field and the direct torsional loading would 
soon reach a magnitude sufficient to cause the collapse of 
the relatively stiff nose and therefore bring about the com- 
plete collapse of the cylinder. 


Thus, it is seen that for semielliptical cylinders the 
buckling and ultimate loads are two separate and distinct 
points in the loading history and that, the difference in the 
values of these ti/o critical loads should increase with in- 
creasing ellipticity. It is apparent that this second 
statement must be true when the relative values of the maxi- 
mum and minimum radii of curvature as a function of the el- 
lipticity ratio are considered. Similar conclusions wore 
reached by Lundquist and Burke in reference 5. Visua.1 ob- 
servations confirmed the above-mentioned conclusions as to 
buckle history, and the data given .for these cylinders in 
tables III and- IV show that the difference between the buck- 
ling and failtxre torsional moments increases as the ellip- 
ticity ratio increases. 


In plotting these data, the same parameters './ere tried 
as were used in figure 7: namely, Tl 3 /st 3 against L s /2ta,* 
where a is the semimajor axis of the ellipse. As can be 
seen from figures 8 and 9, these parameters were satisfac- 
tory and the experimental points had comparatively little 
scatter from a mean curve drawn through them. The solid 
lines in these figiires correspond to equations (3) and (4). 
The curves of figures 7, 8, and S were then collected in 
figures 10 and 11. 
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Figure 10 gives the torsional buckling strength of semi- 
elliptical cylinders as a function of the dimensions of the 
cylinder and the ellipticity ratio. It is seen here that, 
as the ellipticity ratio increases, the buckling strength 
decreases, other items being kept equal. This is in line 
with the previous physical discussion since the cylinders 
with the larger ellipti cities have a larger maximum radius 
of curvature and would thus buckle at lower loads than cyl- 
inders with smaller ellipticity ratios. 

Figure 11, which gives the value of the # ultimate load 
on such specimens, indicates that the cylinders with the 
larger ellipticit ies have somewhat better maximum-tor si onal- 
moment-carrying abilities. This is due to the fact that the 
section near the end of the major axis, having a small radius 
of curvature, acts as a stiffener, and that the larger the 
ellipticity, the greater the moment which can be developed 
before this effective stiffener collapses. 


A cross plot of figures 10 and 11 led to empirical equa- 
tions for the buckling and ultimate loads of such semiellip- 
tical and semicircular cylinders as follows: 


1. For the buckling strength 


or 


Vl 

Et s 


- 2 
Et s 



(3) 


(3a) 


2 . Eor the ultimate strength 


_ T 2 / 0 iv., i . 6 

- 2i - s - = 1.6 0 + /14.8 0 + 1.13 ( 'N 

Et V V 2t a J 


(4) 


in which a is the semimajor axis and p 0 is the maximum 

radius of curvature of the cross section. It can be shown 
that, for an ellipse, 


o 

' o 


= € a 
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The foregoing equations are plotted in figures 12 and 13 
with the experimental points and slow good agreement and a 
reasonable amount of scatter. Thus, equations (3) and (4) and 
figures 12 and 13 can he considered to he design equations 
and design curves for semicircular and semielliptical cylin- 
ders subjected to a pure torsional moment. 

On comparing the present results with those c 


5 on cocrolete elliptical cylinder: 


two important differences 


are noted. For the same sheet thickness and length, an el- 
liptical cylinder buckles at a lower stress than a circular 
cylinder of radius p 0 ; while for semicylinders a higher 

stress is reached. The reason for this lies in the fact 
that it was impossible to construct the elliptical cylinders 
without a slight looseness of the skin at the ends of the 
minor axis (cf , , p. 2 of reference o), thus introducing a 
rather large effect of initial irregularities into the buck- 
ling-tost results. This was not the ease in the semiellip- 
tical cylinders, since the construction technique used elim- 
inated this difficulty. With regard to the ultimate strengths 

the chief difference lies in the presence of the multiplica- 

V 

tive e 3 factor ir 

cylinders. An attempt to detect the presence of this same 
terra in tho results of 
of the narrow range o: 
usual amount of experimental scatter. 
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of Com! circular Cylinders 


The next series of specimens was made up of semicircu- 
lar and semi elliptical cylinders subjected to pure bonding 
moments. The bending moment was applied in tho piano of the 
minor axis of tho cylinder. 


A a in the case of pure torsion, it is necessary to de- 
fine the critical loads of pure bonding in *•©■>- ms of suitable 
stresses. To accomplish this, use has been made of the nor- 
mal beam equation, 


o 


(5) 


The values of stress given by this equation should represent 
the true stress in the specimens tested up to the point of 
buckling. Beyond this point, the stresses given era of a 
fictitious nature, owing to the fact that the neutral axis 
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of the test specimens will shift toward the tension side of 
the specimens as the "buckle deformations increase on the 
compression side# Extensomet crs mounted to the specimens 
during the testing procedure were used to check equation (5). 
m figure 14 are plotted sample curves of the experimentally 
determined stresses on the tension and the compression sides, 
prior to "buckling, as a function of the applied bonding mo- 
ment. For comparison, stress values calculated from equa- 
tion (5) are included. It can ho seen that a linear and 
symmetrical stress distribution exists before buckling takes 
place for each of the throe examples shown and that the 
agreement between the actual and calculated stresses is 
quite good. The fact that the calculated stresses are lower 
for each of the three cases plotted is merely a result of 
the selection of the examples and is not typical of the tost 
data when considered as a whole, as can be seen in the upper 
curve of figure 15, w here a comparative summary has been 
made. The scatter of the data about the line for unity in 
this figure can be attributed to the inherent difficulties 
in making stress measurements on curved, thin-walled sections 
by means of mechanical ext ens ome t er s • The experimentally de- 
termined values of the bending stresses, after buckling has 
ta,ken place, substantiate the shift in the neutral axis; how- 
ever, the influence of the local buckle deformations is so 
great on theso readings that they have little practical sig- 
nificance# 

The first series of tests consisted of semicircular 
cylinders of various sheet thicknesses and lengths • sub jected 
to pure bending moments applied in the plane of the vertical 
spacer blocks (the plane of the minor .axis for e = 1.0). 
Prior to the specimens reaching their critical load, the 
skin covering remained unbuckled; however, at this point in 
the loading history, the compression side of the specimens 
ivould suddenly buckle into a large number of characteristic 
elliptical and diamond-shape patterns, all directed inward* 
Although this buckling phenomenon was quite violent at times f 
the applied bending loads had little tendency to drop off at 
this point. If the loads were increased, the buckle deforma- 
tions would increase rapidly both in magnitude and scope, in- 
dicating that the sheet covering had already reached its ul- 
timate stress and that the load was being supported by the 
cover-plate system alone. This conclusion appears to be well 
substantiated by the fact that the maximum load reached (at 
cover-plate failure) was independent of the geometric vari- 
ables of the sheet covering and was solely a function of the 
cover plate thickness. For this reason, it has been assumed, 
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in the discussion that follows, that the "buckling load was 
also the maximum load that cotild "be carried "by the semicir- 
cular shell. 


The results of this series of tests on semicircular 
cylinders are presented in table VI and figure 16. The re- 
sults have "been correlated by using a reduced bending stress 
K , in wh i ch 


K 


cr, a a, p 
b _ b r o 

Et E t 


( 6 ) 


This nondimonsi onal stress coefficient is analogous to that 
used in reference 6 for axial compression stresses, 

A study of figure 16 indicates that the reduced bending 
stress coefficient K gives a satisfactory parameter for 
plotting the data for a generalized curve for semicircular 
cylinders under pure bonding* The scatter of the experimen- 
tal points is not only reasonably small but is random in na- 
ture. 


The oscillatory nature of the curve in figure 16 was at 
first questioned, but a study of reference 6 indicated that 
such a length effect might be expected. Reference 6 con- 
tains a linearized theory on the length effect of cylinders 
under axial compression, and the final results show a length 
effect that is qualitatively similar to that shown in figure 
16. The necessary condition for such an effect was that the 
number of bucklos in the comploto circumference of the speci- 
men must remain independent of the length of the cylinder. 

A careful check of the data on the number of buckles at 
buckling of the semicircular specimens showed that they var- 
ied only from 8 to 10 in range of L/p o <s from 0.33 to 

11.30 and Po/^ !s from 147 to 313, and that the variation 

was random in nature. On thi3 basis, it is thought that the 
shapo of the curve in figure 16 is at least tentatively 
justified. 

In comparing the failing stress of semicircular cylin- 
ders under pure bending with the failing stress in circular 
cylinders under the same loading condition (see reference 
7 and p* 466 of reference 8) it is found that the value of 
K is much smaller for the semicircular cylinders than it is 
for the full circular cylinders for the same value of p Q /t* 
Part of this difference is explainable by the fact that, for 
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the full cylinders, any seams in the cylinders were placed 
on the neutral axis of the specimen; while, in the case of 
the semicircular cylinders, the scams were located in re- 
gions of maximum tension and compression stress* 

In an effort to determine experimentally the effect of 
seam location it was decided to construct and test a series 
of of circular cylinders in pure bending under conditions 
similar to those of the semicircular cylinders. These 
specimens consisted of circular end plates approximately 6 
inches in diameter, to which were attached the thin sheet 
covering in exactly the same manner as previously described* 
The seam or seams were formed by lapping the edges of tho 
sheet and fastening them together by means of two rows of 
closely spaced, carefully fitted machine screws. These 
screws were not tightened excessively, in order to keep tho 
deformations of the sheet covering across the seam to a min- 
imum. To obtain the complete effect of the seams, four ar- 
rangements were selected: 

1. One scam located on the neutral axis 

2. One seam located on the tension side 

3. One seam located on the compression side 

4. Two scams located on the tension and compression 

sides 

All these specimens were tested in the testing machine 
shown in figure 5, and tho results are presented in table V 
and figure 17. The reduced buckling stress shown for tho 
circular specimens with the single seam on the neutral axis, 
when compared to the similar specimens of reference 7, shows 
rather good agreement. tfith the scam on the tension side, a 
small reduction in stress is obtained; while, for the single 
seam on the compression side, the buckling stress is lowered 
still further. For the specimens with seams on both top and 
bottom, the reduction in stress is greater than the sum of 
the second and third configuration. All these buckling 
stresses arc considerably lower than the value given by the 
classica.1 theory and show clearly the influence of discon- 
tinuities in the specimen. 

The dotted curve in figure 17 indicates tho load car- 
ried by those specimens immediately aftor buckling and shows 
that all specimens tend to fall on the same curve. This 
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last phenomenon is explained by the recent work of Karman 
and Tsien (reference 9) on the nonlinear buckling problem. 

In this paper, it was shown that there exist two buckling 
equilibrium points, one of which is closely given by the 
classical linearized theory, the other by the nonlinear the- 
ory. This latter equilibrium point was shown to exist at a 
much lower stress than the former point, and buckling could 
occur at stresses anywhere between these two limits, depend- 
ing on initial imperfections and eccentricities in the shell 
and on the presence of external disturbances such as vibra- 
tions. Generally, buckling would be characterised by a sud- 
den jump in the applied load to the value corresponding to 
the lower equilibrium point. This dotted curve then corre- 
sponds to the lower equilibrium point of full circular cyl- 
inders under bending. 

The lower curve of figure 17 gives the values for the 
semicircular cylinders tested, and it can be seen that the 
K value for these specimens is still lower than the minimum 
point for the circular cylinders. The buckling of these 
semicircular cylinders was characterized by the fact that 
the applied load had little tendency to jump at the buckling 
load. This would imply that the specimens had buckled at a 
stress corresponding to the lowest possible equilibrium 
stress and never exceeded this value at any previous time in 
their loading history. The cause of such a condition’s exist- 
ing is undoubtedly the fact that the presence of the support 
system, including the cover plates, introduced small but 
sufficient amounts of initial eccentricity and irregularity 
into the sheet covering to cause failure to occur at the 
minimum point. This can be understood when it is considered 
that the cover plates were necessarily located at the most 
highly stressed point on the circumference of the specimen. 

In view of the foregoing discussion, it is thought that 
figure 16 gives a satisfactory design curve for semicircular 
cylinders subjected to pure bending. The values obtained, 
while considerably lower than those obtained for full cir- 
cular cylinders, probably will give a better approximation 
to the actual case of the nose section of a wing and there- 
fore should be used for nose-section design where applicable. 


Pure Bending of Semi el 1 ipt i cal Cylinders 

During the testing of the semielliptical cylinders sub 
jected to pure bending loads, several experimental observa- 
tions were made which will be discussed before presenting 
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the quantitative results. These specimens, upon reaching 
their buckling load, deformed into a typo of wave pattern in 
the large radius of curvature regions that was entirely dif- 
ferent from that of the semicircular cylinders. The buckles 
that appeared were definitely of the characteristic flat- 
plate type for both ellipt ici t ics tested. These large shal- 
low circular or elliptical buckles covered the major portion 
of the compression sides of the curved sheet covering and 
were different from the flat-plate type only in that they 
were all directed inward. In a manner similar to that de- 
scribed under the pure torsion tests, the small radius nose 
portions of the specimen behaved as if they were stiffeners, 
and actually formed the lower boundaries for the buckle pat- 
tern, The formation of the buckles was characterised by the 
facts that the buckling was not of a particularly violent 
nature and that there was no noticeable decrease in the load- 
carrying ability at the point of buckling. 

As the load was increased beyond the buckling load, 
these sane buckles increased in amplitude and scope until 
they approached quite close to the boundaries formed by the 
plates, the cover-plate system, and the nose of the section. 
Upon further application of load, these buckles created much 
smaller induced buckles, particularly in the four corners of 
the affected region. In no case, however, did the nose por- 
tion fail first since the point of collapse was always dic- 
tated by the strength of the cover plates. This is as would 
be expected, since the loading was pure bending and increas- 
ing the amount of material in • the cover plates would have 
the same effect as increasing the size of the spar cajjs in a 
wing. The data obtained are therefore directly applicable 
to wing nose section design. 

The results of this series of tests are given in table 
vll and table VIII, and these data have been combined with 
the test results in table VI on semicircular cylinders to 
give the curve shown in figure 18 . This curve shows consid- 
erable scatter, but retesting and rechecking points indicated 
that the scatter was random and was inherent in the specimens. 
Tor that reason, the suggested design curve shown in the fig- 
ure is placed near the lower limit of the points rather than 
through the mean of the experimental points tested. 
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This suggested design curve can he represented hy the 
e qxiat i on 


h ( u 

E Vt 


1*5 


= 1.70 + 0.15 1 - 


1 • 5 


or 


(7) 


CT, /p M.5 

hr o 



p \i . s 

“ n \ 


a Vet 

This can he written as 


/P 0 \ 

= 1.70 + 0.15 1 — 
\Le^ 
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E 


= 1.70 


iY 


1.5 / v 1 . 5 

. + 0,15 ( ~ , 

a J W 


or 


— = 1-70 / 

ill 


/ e_t\ 1 • 5 


VP o’./ 


+ °- 15 (I) 


1 . 5 


( 9 ) 


( 10 ) 


Equation (9; is plotted in figure 19. 

There is some indication that the number of buckles in 
the buckle pattern of the specimens accounted in part for 
the wide scattering in figure 18. Further theoretical study 
raay justify this presumption, but until more data are avail- 
able it is thought that equation (9) or (10) \^ill give a 
sufficiently conservative value of the critical buckl ing 
stress of semicircular or s era ielliptical cylinders under the 
action of pure bending. 


Bending-Plus -Tor si on Tests 


The bending-plus-torsion tests were made on the machine 
illustrated in figure 5. The loading was so arranged that a 
constant ratio of bending moment to torsional moment was ap- 
plied to the specimen up to the failing point* Buckling was 
noted both visually and with the aid of stress-strain meas- 
urements taken in the specimen during loading* The bending 
and shearing stresses were calculated from the equations 
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an d 


( 12 ) 


Suoscripts b and u in the tables correspond to 
biiOKiing and ultimate stresses, respectively. The values 


lor 


*0,. 


and 


were taken from figures 18, 10, 


and 11, respectively • 


T;:e test data for these specimens are tabulated in ta- 
bles IX, 2, and XI for ellipticity ratios of 1.0, 2.0, and 
respectively . These data have boen plotted in figures 
*o0 to 25, in which figures each ellipticity is considered 
separately. A study of these figures led to the conclusion 
txiat single curves would satisfactorily represent the rela- 
tionships between oy,/a- bQ and T- b /r 1 j o and 

and T u/ T u p an< ^ ^u/^t,. an< ^ that the introduction of the 

ellipticity ratio into the ultimate bending-stress ratio 
gave one curve for all ell ipt i ci t i e s of the form o\, /ea-^ 

as a function of . It was necessary to use the ratio 

of tne ultimate compressive stress to the buckling compres- 
sion stress (with no torsion) since, as was discussed under 
Pure lending, the failure bending stress for pure bending was 
solely a function of the size of the cover plates, correspond- 
ing to the size of the spar caps in a normal wing. 

The combined curves are shown in figures 25 to 29, and 
it can be seen that, although considerable scatter is present, 
a consistent trend of the stress ratios with a variation in 
the M/m-jj ratios is indicated* Por the values of a ’b Q in 
tables IX, X, and XI, the mean curve of figure 18 was used 
throughout . Por the ultimate values, design curves have been 
indicated which approximate to the lower limits of the experi- 
mental data. 


If these suggested design curves are cross-plotted, 


plotting i. 
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as 
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This 

of 


equation will give conservative results for all values 
Mu/ m t u an( ^ therefore can "be used for design purposes* 


^ cross plot of the "buckling curves (figs. 26 and 27) 
indicates that a similar equation will give a satisfactory 
first approximation with considerable scatter (as indicated 
in figs. 26 and 27). Thus, 


/ T 


u 


+ | — 


= 1 


(14) 


The buckling and failure wave patterns of these speci- 
mens depended largely upon the i;/m t ratio. For large val- 
ues of this ratio, typical diamond-shape compression waves 
appeared when the buckling stress was reached and for small 
values of this ratio diagonal shear waves appeared. Inter- 
mediate values led to wave patterns which were combinations 
of tnose two types. Failure of the cylinders occurred across 
the nose (minimum radius section) of the specimen for the 
cases when the torsional shearing moment was high and in the 
cover plates when the bending moment was high. This fact ex- 
plains the reason for the relatively large scatter in the ex- 
perimental data for the larger values of the M/m^ ratios. 

-ihe higher values of the experimental stresses correspond to 
specimens in which the cover plates were strong enough to 
permit the development of the full torsional shearing 
strength^ of the section so that failure finally occurred 
across the nose section. 


Comparison between measured and calculated stresses in 
the regions below buckling are shown in the second curve in 
figure 16 and also in the upper curve of figure 30. It is 
seen that the scatter is random in nature and is of the 
order of magnitude that would be expected when measuring 
on in sheet stresses with mechanical ext en. some ter $ r 

The last four lines of tables IX, X, and XI are for 
specimens with lengths shorter than the standard length of 
12.5 inches, which was held throughout the other tests. It 
can. toe seen that the test data for these specimens plot 
satisfactorily on the curves for the other specimens, indi- 
cating that there is no new length effect which appears for 
this combined loading. 
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Bonding-Plus-Shear Tests 

The "bending-plus -shear tests were conducted on the test- 
ing machine shown in figure 6. Two lengths of specimens were 
tested, 6.5 and 16,0 inches, and the usual three skin thick- 
nesses and three ellipticity ratios were covered. The moment- 
to-shear ratio was varied "by the position of the jack on the 
extended loading arm. As previously described, the weight of 
the extended loading arm is separately "balanced out and no 
tare readings entered the loading force. 

The data for these specimens are tabulated in tables 
XII, XIII, and XIV. The equations used in reducing the data 
were ! 


CT b 



(15) 
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S b 



m — 

]L_ „ ± ^ 

Fb b I t Fb 


(16) 


(17) 


Only the buckling data have been recorded and reduced, 
since ultimate failure was, in nearly every case, caused by 
cover-plate failure* Thus, ultimate failure could be delayed 
indefinitely by increasing the cover-plate size (correspond- 
ing to an increase in spar-cap size). A few cases in which 
the M-^/ib ratio was very low (small moment but large shear) 

actually failed across the nose section, but the number of 
these specimens was not sufficiently great to allow the draw- 
ing of any general conclusions. 

The value of o-\ 0 in the tables was obtained, using the 

mean curve of figure 18. The resulting values of cr^/a^ 

show a scatter which is generally no more than that shown in 
figure 18, which indicates that very little additional scat- 
ter has been put into the points by the addition of direct 
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shear to the pure bending load. Scatter was particularly- 
had for the ellipticity ratio of 3. However, this was to he 
expected, since these specimens were very hard to make with- 
out initial deformations near the ends of the minor axis. 
Also, loads for these specimens were quite light and the ac- 
curacy of measuring these light loads had a tendency to de- 
er eas e . 


The data in tables XII, XIII, and XIV have all been 
plotted in figures 31 to 45. Figures 31, 36, and 41 give 

the variation of a^/cr^ as a function of the M^/Fb ratio 

and, as mentioned before, the scatter tends to increase as 
the ellipticity ratio increases# 

The results for the shear stress at buckling are plotted 
in the remaining curves. This shear stress is taken as the 
average shearing stress distribution. Each set of curves 
for a given ellipticity ratio has been collected and re- 
plotted in figures 35, 40, and 45. The scatter on these 
curves is not so high as that indicated for the bending 
stresses, which would tend to indicate that the distribution 
of the bending stress between the cylindrical sheet and the 
cover plates may not have boon accurately given by the I g /l^ 

ratio, as was assumed. 


ITo attempt was made to determine a T /t ratio, 

s b s b 0 

since it was impossible to obtain a value for T . There- 


fore the* value of 
tion of the M^/lFb 


T g ^ has been presented simply as a func- 

u 

ratio. 


Again, extensometor readings were taken below buckling 
to check the calculated value of the bending stresses, and 
the results are shown in figures 15 and 30. The scatter 
shown is random and is of the order of magnitude expected 
when using mechanical extensometers to measure stresses in 
thin sheet structiires* 


conclusions 


The data contained in this report are intended to serve 
as a guide to the possible buckling and ultimate load-carry- 
ing abilities of wing nose sections* In most cases these 
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nose sections can "be approximated by ellipses, and for this 
reason the elliptical section has "been used for test purposes. 
The data and curves presented should give the designer a con- 
siderable insight into the behavior of such sections under 
pure loading conditions as well as conditions of combined 
bending and shear and combined bending and torsion. The 
problem of combined bending, torsion, and shear has not been 
studied in this investigation and future investigations should 
study the effect of all three loading conditions and should, 
if possible, make an attempt actually to measure skin stress 
distributions by means of electric strain gages in order to 
obtain a more complete stress distribution pattern. 

A summary of the design equations and curves for the 
conditions studied is given as follows; 

1 . Pure Torsion 


a. 


Buckling 


TvL" 


4 


=1.60+ 14.30 + 1 


it" y 

(See fig. 12.) 


.13 ^ 


2ta e* 3 


1 . 6 


t). Ultimate 


T T.* 

u 1 - 

Et 2 


=1.60+ / 14. 80 + 1 


.13 ^ 


L* «* 
2t a 


1 • 6 


(See fig. 13 . ) 


2 • Pure Ben ding 


a. Buckling 



& 


1.70 
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+ 0.15 
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(See fig. 19 . ) 
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5. Ultimate 


Ho ultimate curve since ultimate load is a 
function of the cover-plate strength. 


3 . Bending Plus Torsion 


a. Buckling 


“N '. T o 0 


CT u . / T t 

+ I 


:) 


1 


(See figs. 25 and 27.) 


h. Ultimate 



(See figs. 28 and 29.) 

4. Bending Plus Direct Shear 
a. Buckling 

Bending stresses - Figures 31, 36, and 41 
for ellipticities 1, 2, and 3, respectively. 

Shear stresses - Figures 35, 40, and 45 for 
ellipticities 1, 2, and 3, respectively, 

h. Ultimate 

Ho ultimate values, since the ultimate stress 
is largely dependent upon cover-plate strength. 


Guggenheim Aeronautical Laboratory, 

California Institute of Technology, 

Pasadena, Calif., July 17, 1944. 


N~GA TN Ho. 957 


26 


REFERENCES 


1. Anon. : AIT C ~ 5 , Strength of Aircraft Elements. U, S. Gov- 

ernment Printing Office, 1942. 

2. Anon, J Alcoa Aluminum and Its Alloys. Aluminum Co. of 

Am. , 1941. 

3. Donnell, L. H, : Stability of Thin-Walled Tubes under 

Torsion. NACA Rep. No. 479, 1933. 

4. Lundquist, Eugene E. : Strength Tests on Thin-Walled Du- 

ralumin Cylinders in Torsion. NACA TN No. 427, 1932. 

5. Lundquist, Eugene S. , and Burke, Walter E. * Strength 

Tests on Thin-Walled Duralumin Cylinders of Elliptical 
Section. NACA TN No. 527, 1935. 

6. El'Kgge, Wilhelms . Statik und Dynamik Der Schalen. Julius 

Springer (Berlin) , 1934. 

7. Lundquist, Eugene S. : Strength Tests of Thin-Walled Du- 

ralumin Cylinders in Pure Bending. NACA TN No. 479, 
1933. 

8. Timoshenko, S. : Theory of Elastic Stability. McGraw- 

Hill Book Co., Inc. (New York), 1936. 

9. von Karman, Theodore, and Tsien, Ksue-Shens The Buckling 

of Thin Cylindrical Shells under Axial Compression. 
Jour. Aero. Sci., vol 8, no. 8, June 1941, pp. 303- 
312. 


BIBLIOGRAPHY 


Cox, H. L. : Stress Analysis of Thin Metal Construction. 

Jour. R.A. S, , vol. 44, no. 3, March 1940, pp . 231-272. 

Kanemitsti, Sunao, and Nojima, Noble K. : Axial Compression 

Tests of Thin Circular Cylinders. Thesis, C.I.T., 1939. 
( unpub li shed ) 

Lundquist, Eugene E. : Strength Tests of Thin-Walled Dural- 

umin Cylinders in Compression, NACA Rep. No. 473, 1933. 


NACA TN No. 957 


37 


TABL£ I 

Tensile Properties of 24S-T Aluminum Alloy 
Sheet Used in Specimens Tested 


Specimen 

No. 

t 

(in. ) 

Loading 
direotion 
relative 
to grain 

Exicr 6 
(lb. /in . J 

CTyp 

(lb. /in ) 

(lb./in. 2 ) 

MT-1 

0.0101 

With 

10.85 

mmmm 

69100 

MT-2 

0.0102 

if 

10.71 

5100Q 

66500 

MT-5 

0. 0099 

Across 

9.94 

44600 

65500 

MT-4 

0.0098 

e 

10.05 

45500 

66100 

MT-5 

0.0175 

With 

10.46 

52800 

68700 

MT-6 

0.0174 

•• 

10.49 

51200 

69800 

MT-7 

0.0174 

Across 

10.44 

44900 

68100 

MT-8 

0.0175 

n 

10.48 

44800 

66900 

MT-9 

0.0209 

With 

9.44 

49 500 

69300 

MT-10 

0.0205 

w 

10.02 

52500 

70300 

MT-11 

0.0204 

Across 

9.76 

45800 

67600 

MT-12 

0.0204 

n 

10.24 

44800 

66900 

MT-13 

0.0819 

With 

11.18 

85500 

72800 

MT-14 

0.0820 

N 

10.50 

56800 

72100 

MT-15 

0.0815 

Across 

11.20 

47100 

71200 

MT-16 

0.0815 

■ 

10.51 

47500 

70300 

MT-17 

0.0888 

With 

10.65 

52800 

70600 

MT-19 

0.0S87 

Aero ss 

10.47 

45800 

69400 

MT-20 

0.0888 

■ 

10.01 

43800 

69900 

MT-A 

0.0210 

with 

10.00 

54000 

— 

MT-B 

0.0210 

Across 

10.00 

46800 

mm 

MT-C 

0.0165 

h 

9.80 

45500 

mm 

MT-D 

0.0165 

N 

10.00 

45100 




TABLE II 


Torsional Strength of Semi-Circular Cylinders, £* 1.0 
24S-T 0.3 E - 10.3 x 10 6 lb./in. 2 b - 3-01 in. 


Spec. 

No. 

t 

(in. J 

L 

(inj 

>*t b 

(in. -lb . ) 

*t u 

(in. -lb. ) 

T * 2 
(in. /in. ) 

(lb.An2j 

L 2 

Z^,L 2 

L 2 

L 2 £* 

l 2 £& 

Et z 

Efc 2 

2t& 

2tp„ 

2ta 

FT- 9 

0.0190 

34.0 

8840 

9090 

5740 

5910 

1790 

1840 

10110 

10110 

10110 

PT-10 

ft 

n 

8860 

8850 

5750 

5750 

1790 

1790 

ft 

ft 

ft 

FT- 11 

ft 

ft 

8830 

9000 

5740 

5850 

1780 

1820 

ft 

ft 

ft 

FT- 12 

ft 

ft 

8220 

8220 

5340 

5340 

1660 

1660 

ft 

ft 

ft 

PT-13 

ft 

ft 

8230 

8290 

5350 

5390 

1660 

1660 

ft 

ft 

ft 

PT-14 

0.0160 

ft 

6060 

6060 

4680 

4680 

2050 

2050 

12010 

12010 

12010 

PT-15 

ft 

n 

5430 

5720 

4190 

4410 

1840 

1940 

w 

ft 

w 

PT-26 

0.0200 

16.0 

12380 

12380 

7640 

7640 

475 

475 

2130 

2130 

2130 

PT-27 

« 

« 

13240 

13240 

8170 

8170 

508 

508 

n 

ft 

« 

PT-28 

0.0160 

n 

7900 

7900 

6100 

6100 

593 

593 

2660 

2660 

2660 

PT-29 

« 

ti 

7830 

7830 

6050 

60^0 

587 

587 

»i 

n 


PT-73 

0.0104 

« 

2980 

2980 

3 540 

3 540 

814 

814 

4100 

4100 

4100 

PT-74 

0.0102 

»» 

2800 

2900 

3400 

3 520 

812 

841 

4180 

4180 

4180 

PT-20 

0.0200 

6.5 

18040 

18040 

11140 

11140 

114 

114 

351 

3 51 

3 51 

PT-21 

0.0200 


19450 

19450 

12010 

12010 

123 

123 

« 

ft 

?i 

PT-23 

0.0160 

ti 

12840 

12840 

9920 

9920 

159 

159 

439 

439 

439 

PT-24 

0.0160 

« 

11930 

12160 

9210 

9390 

147 

150 

n 

w 

ft 

PT-68 

0.0108 

ti 

4000 

4500 

4590 

5160 

162 

182 

651 

651 

6 51 

FT-32 

0.0200 

2.5 

23760 

23760 

14660 

14660 

22.2 

22.2 

51.9 51.9 

51.9 

PT-33 

0.0200 


24700 

24700 

15250 

15250 

23.2 

23.2 

ft 

ft 


PT-30 

0.0160 

w 

15000 

17140 

11580 

13230 

27.3 

31.3 

64.! 

3 64.9 

64.9 

PT-31 

« 

« 

18390 

18390 

14200 

14200 

33.3 

33.3 

n 

m 

1 

ti 


CO 

00 
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TABLE III 


Spec. 

No. 


Torsional Strength of Semi-Elliptical Cylinders, £ * 2.0 
24S-T /*= 0.3 E • 10.5 x 10 6 lb. /in. 2 b - 3.01 in. 


t 

(in* ) 


L 

(in. ) 

«t b 

(in. -lb. J 

«t u 

(in. -lb . ) 

(lb. /in. 2 ) 

Z Jc , 

(lb./i n. z ; 


Zu, L 2 

L 2 

L 2 £^ 

L 2 £& 

Et* 

Et z 

2ta 

2tp 0 

2ta 

34.0 

9260 

10500 

3190 

3620 

812 

920 

4570 

2880 

5750 

16.0 

10390 

13 580 

3760 

4920 

234 

306 

1110 

700 

1400 

If 

10240 

13850 

3710 

5020 

231 

312 

f» 

tt 

ft 

W 

5400 

9850 

2300 

4200 

198 

362 

1250 

788 

1570 

ft 

M 

6500 

10490 

2390 

4950 

213 

406 

1280 

806 

1610 

tr 

2000 

4240 

1370 

2900 

254 

536 

2010 

1270 

2 530 

11 

1800 

3670 

1260 , 

2570 

290 

590 

2050 

1290 

2 580 

6.5 

18000 

23500 

6630 

8520 

67.0 

87.4 

183 

115 

230 

ft 

16550 

19660 

6000 

7125 

61.5 

73.1 

tt 

n 

it 

ft 

10400 

14100 

4260 

5780 

55.7 

75.5 

198 

125 

250 

it 

10500 

14000 

4760 

6350 

76.4 

102 

219 

138 

276 

tt 

3000 

4750 

2100 

3330 

79.7 

126 

338 

213 

426 

it 

2800 

5060 

2020 

3640 

81.2 

146 

348 

220 

439 

2.5 

236 50 

28760 

8570 

10430 

, 13.0 

15.8 

27.1 

17.1 

34.2 

it 

24380 

35640 

8830 

12930 

13.4 

19.6 

*» 

n 


it 

13930 

24640 

6320 

11180 

15.0 

26.5 

32.5 

20.5 

41.0 

it 

16270 

23090 

78 70 

10480 

17,5 

24.8 

tt 

n 

»! 

it 

4000 

6790 

2820 

4790 

16.2 

27.4 

50.5 

31.8 

63.6 

II 


6450 

■»«. 

4640 


26.6 

51.5 

32.5 

65.0 


-16 
-48 
-49 
-6 5 
-71 
-72 
-66 
-22 
*47 
-59 
-25 
*60 
-62 
-35 
-36 
•34 
•37 
51 
*54 


0210 

0. 0200 
ti 

0.0170 

0.0167 

0.0106 

0.0104 

0.0200 

n 

0.0177 

0.0160 

0.0104 

0.0101 

0.0200 

0.0200 

0.0160 

n 

0.0103 

0.0101 


co 

CD 
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TABLE IV 


Torsional Strength of Semi -Elliptical Cylinders, £ = 3.0 
24S-T yfc- 0.3 E - 10.3 x 10 6 lb./in. 2 b « 3.01 in. 


Spec. 
N o. 

t 

(in. ) 

L 

(m.; 

«tb 

(in. -lb. ) 

3 *7 

af c 

•H 

(lb./in. 2 ; 

Tu. 

(lb./in. 2 ; 


Tuu h Z 

I 2 

L 2 £ ^ 

L 2 £/d 

Et 2 

Et 2 

2ta 

2tp„ 

2ta 

PT-17 

0.0200 

34.0 

6080 

12240 

1560 

3140 

439 

883 

3200 

1540 

4610 

PT-18 

n 

16.0 

7000 

17640 

1800 

4520 

112 

281 

709 

340 

1020 

PT-19 

it 

rt 

6800 

15960 

1750 

4080 

109 

254 

tt 

« 

ft 

PT-44 

n 

'tt 

6800 

15400 

1750 

3950 

tt 

246 

tt 

tt 

tt 

PT-68 

0.0176 

w 

5500 

12160 

1610 

3 550 

129 

284 

806 

387 

1160 

PT-69 

0.0174 

»t 

— 

12300 

-- 

3630 

-- 

298 

816 

392 

1180 

PT-70 

0.0103 

it 

— 

4600 

— 

2300 

— 

539 

1380 

663 

1990 

PT-45 

0.0200 

6.5 

14420 

20030 

3700 

5140 

38.0 

52.8 

117 

56.2 

169 

PT-46 

« 

it 

9200 

17850 

2360 

4580 

24.2 

47.0 

« 

tt 

n 

PT- 60 

tt 


13000 

25200 

3330 

6460 

34.2 

66.4 

?t 

n 

tt 

PT-63 

0.0175 

»t 

7000 

17310 

2050 

5080 

27.5 

68.2 

134 

64.4 

193 

PT-61 

0.0173 

tt 

5500 

153 90 

1630 

4570 

22.4 

62.8 

13 5 

64.9 

195 

PT-67 

0.0103 

it 

2600 

6020 

1300 

3010 

50.3 

116 

228 

110 

329 

PT-64 

0.0102 

n 

3000 

6630 

1510 

3340 

59.8 

132 

240 

115 

346 

PT-40 

0.0200 

2.5 

25900 

45800 

6 550 

11750 

9.95 

17.8 

17.3 

8.31 

25.0 

FT- 41 

it 

tt 

26000 

— 

6670 

-- 

10.1 

-- 

n 

tt 

tt 

PT-42 

tt 

n 

24400 

41000 

6260 

10510 

9.50 

15.9 

tt 

« 

tt 

PT-58 

0.0160 

n 

12880 

22900 

4140 

7360 

9.81 

17.5 

21.8 

10. 5 

31.4 

PT-39 

n 

it 

11580 

23 560 

3620 

7570 

8.59 

18.0 

- n 

tt 

tt 

PT-56 

0.0103 

ft 

3 500 

7900 

1750 

3950 

10.0 

22.6 

33.7 

16.2 

48.6 

FT- 55 

0.0099 

tt 

4000 

8920 

2080 

4640 

13.1 

29.2 

35.0 

16.8 

50.5 , 


w 

o 
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TABLE V 


Bending Strength of Circular Cylinders 
a * 3.0 in. L = 6.5 in. I^/a * 2.16 
24S-T yu- 0.3 E * 10.3 x 10 6 lb./in. 2 


Spec 

Ho. 

t 

(in. j 

a/t 

*b 

(in.4b. ) 

w b . *> 

(lb./in. 7 

^ba 

Et 

Et 

Remarks 

PB-103 

0.0206 

146 

18050 

30800 

0.436 

0.250 

Seam 

on 

N.A. 


PB-104 

0. 0205 

147 

16200 

27800 

0.396 

0,214 

tf 

n 

w 


PB-102 

0.0162 

186 

11600 

25200 

0.454 

0.240 

ft 

w 

tt 


PB-101 

0.0160 

188 

11820 

26000 

0.475 

0.286 

n 

tt 

»t 


PB-110 

0.0102 

296 

5000 

17300 

0.494 

0.279 

ft 

i« 

tt 


PB-109 

0.0094 

320 

3060 

11500 

0.356 

0.264 

t? 

ti 

« 


PB-106 

0.0199 

151 

16190 

28600 

0.420 

0.219 

it 

it 

T« side 


FB-105 

n 

n 

15530 

27400 

0.405 

0.262 

IT 

w 

C. side 


PB-112 

0.0194 

155 

13410 

24300 

0.365 

0.251 

ft 

it 

«T ff 


PB-107 

0.0205 

147 

13470 

23100 

0.329 

0. 220 

it 

tt 

T. and C. 

Sides 

PB-108 

0.0203 

148 

13480 

23300 

0.335 

0.261 

w 

i« 

w it tt 

i« 

PB-115 

0. 0160 

188 

9310 

20500 

0.374 

0.262 

ft 

n 

If VI ft 

«« 

PB-117 

0.0155 

194 

9460 

21500 

0.405 

0.310 

ti 

r 

It ft 11 

tt 

f®-119 

0.0104 

289 

3370 

11400 

0.324 

0.284 

«9 

«» 

ft n n 

tt 

PB-121 

0.0100 

300 

3600 

12700 

0.369 

0.287 

If 

«t 

tt tt it 

tt 


w 
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TABLE VI 


Bending Strength of Semi-Circular Cylinders, £ * 1.0 
24S-T 0.3 E = 10.3 x 10 6 lb./in. 2 b =3.01 in. 


Spec* 

Ho. 

t 

(inO 

L 

(in.; 

T 

(in. 4; 

(in* 4 ; 

poA 

* 

o 

U 

Mb 

(in. -lb. ; 

a: 

(lb./in. 2 j 


L 

Po 

PB-33 

0.0212 

34.0 

1.818 

4.785 

142.0 

11.30 

19450 

12250 

2.01 

11.30 

PB-33B 

ti 

n 

n 

99 

99 

91 

19475 

12270 

2.01 

tf 

PB-14 

0.0203 

16.0 

1.739 

4.620 

148.2 

5.31 

19950 

13000 

2.28 

5.31 

i PB-14B 

n 

w 

n 

99 

91 

99 

18200 

11360 

2.08 

99 

PB-56 

0.0160 

n 

1.369 

4.168 

188.1 

If 

157 50 

11370 

2.85 

91 

PB-56B 

n 

11 

n 

91 

91 

99 

1586 0 

11440 

2.87 

99 

PB-58 

0. 0098 

n 

0.83 5 

2.545 

307.0 

91 

5330 

6290 

3.29 

99 

PB-58B 

99 

ti 

91 

99 

99 

91 

4800 

5660 

2.96 

tl 

PB-24 

0.0204 

12.5 

1.749 

4.712 

147. 5 

4.15 

23300 

14880 

2.58 

4.15 

PB-24B 

91 

« 

If 

99 

99 

99 

22650 

14470 

2. 51 

99 

PB-37 

0.0164 

n 

1.402 

4.201 

183.4 

99 

16430 

11770 

2.84 

»1 

PB-37B 

n 

n 

99 

99 

99 

If 

16700 

11960 

2.88 

19 

PB-39 

0.0095 

n 

0.810 

2. 509 

316.2 

99 

58 50 

7010 

3.83 

" 

PB-39B 

n 

n 

99 

w 

99 

91 

5775 

6920 

3.76 

99 

PB-5 

0.0200 

6.5 

1.714 

4.550 

150.5 

2.16 

24000 

15900 

2.85 

2.16 

PB-5B 

ti 

n 

it 

91 

n 

99 

23 COO 

1520C 

2.73 

99 

PB-6 

If 

n 

91 

9* 

99 

91 

21Q0C 

14400 

2. 58 

99 

PB-6B 

n 

n 

19 

91 

91 

91 

23000 

15200 

2.73 

99 

PB-18 

0.0207 

« 

1.773 

4.693 

145.3 

11 

26150 

16800 

2.85 

99 

PB-18B 

ti 

n 

91 

99 

99 

99 

24200 

15500 

2.63 

19 

PB-11 

0.0175 

w 

1.498 

4.331 

172.0 

It 

17670 

12400 

2.72 

19 

PB-11B 

w 

n 

91 

91 

99 

91 

20500 

14200 

3.11 

99 

PB-17 

0.0106 

91 

0.904 

2.667 

283.7 

99 

7000 

7890 

3.66 

99 

PB-17B 

n 

n 

99 

99 

99 

99 

7250 

8170 

3.79 

99 

PB-21 

w 

n 

99 

2.716 

If 

99 

8370 

9280 

4.31 

99 

PB-21B 

n 

ti 

91 

99 

It 

99 

7250 

8040 

3.73 

99 

PB-9 

0.0198 

2.5 

1.969 

4.591 

152.0 

0.83 

16600 

10900 

1.99 

0.33 

PB-27 

0.0200 

« 

1.714 

4.649 

150.5 

99 

187 50 

12130 

2.17 

19 

PB- 52 

0.0161 

2.5 

1.378 

4.163 

187.0 

91 

16360 

11800 

2.93 

91 

PB-49 

0.0095 

»t 

0.810 

2.497 

316.1 

99 

4110 

4950 

2.70 

99 

PB-34 

0.0205 

1.0 

1.758 

4.705 

146.9 

0.33 

22550 

14420 

2.49 

0.33 

PB-34B 

* 

n 

99 

99 

99 

11 

227 50 

14550 

2.52 

99 

PB-43 

0.0163 

n 

1.395 

4.176 

184.6 

99 

18260 

13140 

3.20 

99 

PB-46 

0. 0096 

n 

0.818 

2.508 

313.0 

99 

4250 

5090 

2.74 

19 
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TABLE VII 


Banding Strength of Semi -Elliptical Cylinders, £* 2.0 
24S-T yk- 0.3 E * 10.3 x 10 6 lb/in 2 b =■ 3.01- in. 


Spec . 
No. 

t 

(in. ) 

L 

(in. ) 

(in. 4 ; 

(in. 4 ; 

PoA 

L/P 0 

L/a 

t/a 

M b 

(in. -lb. ; 

Cb 2 

(lb. /in. ; 

rr „ 1*5 

E fit 

_L_ 

Po 

PB-16 

0.0208 

16.0 

3.119 

6.029 

579 

1.33 

2.66 

0.00346 

8000 

3990 

1.91 

2.66 

P3-16B 


tt 

ft 

tt 

« 

tt 

rt 

tt 

10000 

499C 

2.38 

*» 

PB-59 

0.016 5 

tt 

2.468 

5.2*9 

730 

tt 

it 

0.00274 

5940 

3400 

2.30 

•» 

PB-59B 

♦i 

n 

t* 

tt 

tt 

ft 

n 

tt 

5820 

3340 

' 2.26 

tt 

PB-25 

0.0198 

12.5 

2.967 

5. 902 

609 

1.04 

2.08 

0.00328 

9900 

5050 

2.60 

2.06 

PB-25B 

ti 

»t 

« 

ti 

tt 

tt 

tt 

tt 

1C SCO 

53 50 

2.75 

t* 

PB-40 

0.0165 

ft 

2.460 

5.261 

729 

ti 

»t 

0.00274 

7300 

4160 

2.80 

n 

PB-40B 

M 

TI 

n 


tt 

Tt 

«t 

ft 

6680 

3820 

2.58 

it 

PB-38 

0.0095 

ft 

1.418 

3.112 

1266 

tt 

«t 

0.00158 

1500 

1450 

2.24 

*» 

PB-38B 

it 

tt 

tt 

ft 

tt 

tt 

tt 

n 

1410 

1360 

2.10 

n 

P3-3 

0.0210 

6.5 

3.152 

6.019 

573 

0.540 

1.08 

0. 003 50 

17700 

8850 

4.15 

1.08 

PB-3B 

tt 

Tt 

tt 

tt 

tt 

« 

n 

tt 

15700 

78 50 

3.69 

tt 

PB-19 

0.0205 

tt 

3.070 

6.047 

587 

tt 

tt 

0.00340 

13050 

6 500 

3.17 

it 

PB-19B 


tr 

n 

tt 

tt 

tt 

n 

tt 

15300 

7630 

3.72 

n 

PB-10 

0.0173 

tt 

2.591 

5.367 

696 

n 

tt 

0.00287 

10700 

6000 

3.77 

it 

PB-15 

0.0106 

ft 

1.581 

3.359 

1133 

t» 

it 

0.00176 

2000 

1790 

2.34 

1! 

PB-15B 

ti 

ft 

w 

tt 

« 

n 

tt 

it 

23 50 

2100 

2.74 

If 

PB-7 

0.0205 

2.5 

3.074 

6.040 

588 

0.208 

0.42 

0.00340 

9800 

4880 

2.3.8 

0.42 

PB-7B 

it 

n 

tt 

n 

it 

m 

tt 

n 

12400 

6190 

3.02 

it 

PB-28 

w 

* 

tt 

6. .007 

tt 

it 

it 

tt 

10250 

5140 

2.51 

tt 

PB-28B 

tt 

w 

tt 

n 

tt 

n 

it 

n 

9400 

4710 

2.30 

tt 

PB-53 

0.0166 

tt 

2.474 

5.276 

725 

n 

« 

0.00276 

8840 

5040 

3.37 

t» 

PB-53B 

« 

tt 

n 

ft 

it 

it 

tt 

n 

8410 

4800 

3.21 


PB- 54 

0.0100 

9f 

1.492 

3.230 

1202 

ft 

it 

0.00169 

1410 

131C 

1.87 

n 

PB-54B 

It 

If 

it 

« 

tt 

it 

ti 

n 

1340 

1250 

1.79 

n 

PB-3 5 

0.0210 

1.0 

3.155 

6.117 

574 

0.083 

0.17 

0.00349 

19750 

9760 

4.60 

0.17 

PB-3 5B 

tt 

ft 

»t 

it 

it 

»t 

»t 

n 

21300 

10520 

4.96 

tt 

PB-44 

0.016 5 

ft 

2.468 

5.288 

729 

tt 

•t 

0.00274 

14000 

7950 

5.36 

t! 

PB-48 

0.0094 

19 

1.402 

3.078 

1280 

it 

n 

0.00156 

3140 

3080 

4.83 

♦f 


04 

04 


NACA TN No. 957 


TABLE VIII 


Bending Strength of Semi-Elliptioal Cylinders, £ * 3.0 
24S-T ^ m 0*3 E * 10.3 x 10^ lb s/in.^ b * 3.01 in. 


Speo. 

Ho. 

t 

(in.; 

L 

(in. ; 

(in. 4 ,) 

i t 

(ii. 4 > 

Po/t 

l/p 0 

i/a 

t/a 

*b 

(in. -lbj 

(lb. /in . % ) 

5 1 ! 

/P£\ 1,5 
^ 6 1 ' 

"T- 

Po 

PB-26 
PB-57B 
PB-55B 
PB-23 
PB-23B 
PB-42 
PB-42B 
PB-41 
PB-41 B 
PB-2 
: PB-2B 
PB-20 
PB-20B 
PB-13 
PB-13B 
PB-22 
: PB-22B 
PB-12 
PB-12B 
PB-8 
PB-8B 
PB-29 
PB-29B 
PB-51 
PB-51B 
PB-50 
PB-50B 
PB-36 
PB-36B 
PB-45 
PB-47 

0.0199 

0.0158 

0.0098 

0.0206 

n 

0.0166 

w 

0. 0093 

» 

0.0200 

«« 

0.0207 

ft 

0.0175 

« 

0.0179 

tt 

0.0103 

n 

0.0199 

19 

0.0200 

it 

0.0158 

19 

0.0095 

19 

0.0212 

19 

0.0159 

0.0092 

16.0 

ft 

ft 

12.5 

9f 

99 

99 

91 

99 

6.5 

99 

ft 

ft 

9t 

99 

ft 

f? 

ft 

ft 

2.5 

vr 

it 

ft 

tt 

ft 

2.5 

tt 

1.0 

it 

if 

tt 

4.256 

3.375 

2.089 

4.410 

tt 

3.541 

it 

1.982 

it 

4.284 

n 

4.430 

»t 

3.745 

it 

3.830 

n 

2.195 

n 

4.262 

•« 

4.284 

n 

3^375 

n 

2.025 

99 

4.544 

Cl 

3.395 

1.961 

7.169 

6.177 

3.812 

7.285 

tt 

6.343 

« 

3.675 

tt 

7.120 

n 

7.370 

n 

6.549 

tt 

6.724 

tt 

3.978 

w 

7.298 

n 

7.200 

n 

6.154 

tt 

3.733 

« 

7.532 

tt 

6.295 

3.661 

1361 

1715 

2760 

1315 

tt 

1632 

tt 

2910 

tt 

13 54 

tt 

1309 

tt 

1549 

n 

1513 

n 

2625 

tt 

1361 

tt 

13 55 

« 

1714 

tt 

2848 

ft 

1279 

it 

1703 

2940 

0.590 

n 

n 

0.461 

n 

«t 

»t 

«t 

it 

0.240 

« 

tt 

it 

tt 

n 

it 

tt 

tt 

it 

0.092 

tt 

ft 

ti 

if 

99 

0.092 

« 

0.037 

n 

it 

« 

1.77 

n 

ft 

1.38 

99 

ft 

tt 

ft 

99 

0.72 

tt 

9t 

tt 

II 

tt 

It 

ft 

ft 

ft 

0.28 

ft 

it 

ft 

n 

ft 

0.28 

« 

0.11 

» 

tt 

n 

0.00220 

0.00175 

0.00109 

0.00231 

tt 

0.00184 

tt 

0 00103 

0.00221 

n 

0.00229 

tt 

0.00194 

n 

0.00198 

it 

0.00114 

w 

0.00220 

w 

0.00221 

« 

0.00175 

it 

0.00105 

»t 

0.0023 5 

it 

0. 00176 
0.00102 

5400 

2430 

910 

6000 

4570 

5390 

5000 

1000 

n 

7630 

8000 

8800 

10400 

3900 

4800 

3800 

5900 

1350 

1200 

7400 

8450 

7650 

7250 

3110 

2890 

2170 

1430 

16550 

16880 

13000 

2700 

2270 

1180 

718 

'2480 

1890 

2560 

3280 

818 

»t 

3230 

3480 

3600 

4250 

1750 

2210 

1700 

2640 

1020 

907 

3050 

3480 

3210 

3040 

1520 

1410 

1750 

1150 

6620 

6750 

6220 

2220 

2. 13 
1. 57 
1.95 
2.21 
1.69 
3.16 
2.94 
2.40 
2.40 

3.01 
3.24 
3.19 
3.76 
2.00 
2.52 

1.87 
2.91 
2.57 
2.29 

2.87 
3.27 
2.99 

• 2.83 

2.02 

1.87 
4.97 
3.27 
5.66 
5.78 
8.18 
6.63 

1.77 

tt 

tt 

1.38 

tt 

tt 

« 

« 

tt 

0.72 

tt 

tt 

n 

ct ( 

f* 

h i 

ft 

H 

ft 

0.28 

tt 

tt 

tt 

tt 

99 

It 

»* 

0.11 

If 

If 

13 


03 
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TABLE IX 


Bending Plus Torsion Tests 
£ - 1.0 E - 10. J x 10 6 pai 
A - 40.5 sq.in., L - 12.5 in. 


Sf*C, 
Mo . 

in , 

tc 

in. 

5 

ih. M 

it 

In, 

m 

Vn.lt 

N 

I__!kdk 

in, It. 

yr\. 

, 

in. lb 

Qi 

p»L 

t>si. 

o* 

n'h 

Tr 
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% 
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H b 
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My 

."kk 

My 

/ rn C n 

BT-1 

0.0196 

0.0322 

1.679 

4.590 

10800 

11100 

10800 

11100 

7080 

6990 

7080 

6990 

14030 

0. 504 

0.504 

8360 

8360 

0.836 

0.836 

3960 

3960 

0.332 

0.332 

-3 

0 . 01 93 

0.0321 

1.654 

4. 548 

9600 

98 50 

10600 

10100 

63 50 

6300 

7020 

6460 

13750 

0.462 

0.462 

8100 

8100 

0.778 

0.798 

3490 

3860 

0.354 

0.382 

-5 

0. 0193 

0.0321 

1.655 

4. 548 

18000 

9000 

193 50 

9850 

11920 

5760 

12800 

6290 

13750 

0.866 

0.931 

8100 

8100 

0.711 

0.777 

6 540 

7030 

0.727 

0.714 

*7 

0.0174 

0.0319 

1.489 

4.312 

9200 

9200 

9200 

9200 

6420 

6520 

6420 

6 520 

11700 

0. 549 

0.549 

7 580 

7580 

0.855 

0.855 

3170 

3170 

0.345 

0.345 

-9 

0.0173 

0.0317 

1.481 

4.286 

9000 

9000 

9850 

9800 

6320 

6420 

6920 

7000 

116 50 

0.542 

0.594 

7490 

7490 

0.857 

0.934 

3100 

3410 

01346 

0.348 

-9B 

0.0172 

0.0316 

1.472 

4.267 

8600 

86 50 

10000 

10000 

6060 

6210 

7050 

7180 

11600 

0.522 

0.608 

7410 

7410 

0.838 

0.969 

2970 

3450 

0.344 

0.345 

•26 

0.0206 

0.0321 

1.765 

4.698 

18000 

9000 

18000 

9000 

11540 

5390 

11540 

5390 

15230 

0.757 

0.757 

8940 

8940 

0.603 

0.603 

6760 

6760 

0.753 

0.753 

•28 

0.0205 

0 . 03 21 

1.756 

4.686 

6800 

13500 

6800 

13300 

4370 

8000 

4370 

8000 

14970 

0.292 

0.292 

8860 

8860 

0.903 

0.903 

2 550 

2550 

0.192 

0.192 

•28B 

0.0200 

0.0320 

1.714 

4.622 

6100 

12300 

6100 

12300 

3980 

7560 

3980 

7560 

14570 

0.273 

0.273 

8430 

8430 

0.897 

0.897 

2260 

2260 

0.184 

0.184 

•30 

0.0206 

0.0320 

1.765 

4.691 

6600 

13200 

6600 

13200 

4250 

7850 

4250 

7850 

15230 

0.279 

0.279 

8940 

8940 

0.931 

0.931 

2480 

2480 

0.188 

0.188 

•32 

0. 0165 

0.0321 

1.411 

4.219 

4000 

7600 

5000 

10000 

28 50 

5720 

3 560 

7540 

10900 

0.261 

0.327 

7180 

7180 

0.797 

1.050 

1340 

1670 

0.176 

0.167 

•34 

0.0168 

0.0317 

1.436 

4.225 

4400 

8 500 

4600 

9200 

3140 

6260 

3280 

6780 

11160 

0.281 

0.294 

7440 

7440 

0.840 

0.911 

1500 

1500 

0.176 

0.169 

•36 

Ol 0169 

0.0318 

1.445 

4.244 

13000 

6400 

13900 

6850 

9210 

4670 

9900 

5000 

11240 

0.820 

0.881 

7520 

7520 

0.622 

0.666 

4430 

4730 

0.693 

0.690 

-37 

0. 0166 

0-0318 

1.419 

4.209 

14300 

7200 

16450 

8400 

10280 

5360 

11750 

6260 

11060 

0.929 

1.061 

7260 

7260 

0.738 

0.862 

4820 

5550 

0.669 

0.661 

-38 

0.0100 

0.0196 

0.852 

2.562 

1100 

2270 

1600 

3200 

1290 

2810 

1880 

3960 

5120 

0.252 

0.367 

3950 

3950 

0.712 

1.001 

336 

532 

0. 161 

0. 166 

-40 

0.0099 

0.0206 

0.844 

2.623 

2800 

2730 

3000 

3000 

3210 

3410 

3450 

3750 

5060 

0.63 5 

0.682 

3870 

3870 

0.882 

0.969 

900 

96 5 

0.330 

0.321 

-42 

0.0099 

0.0208 

0.844 

2.637 

2400 

1200 

4 590 

2300 

2740 

1500 

5240 

2880 

5060 

0.542 

1.035 

3870 

3870 

0.388 

0.744 

768 

1470 

0.640 

0.640 

-49 

0.0212 

0.0329 

1.819 

4.8 59 

2800 

13 500 

2800 

13 500 

1740 

78 50 

1740 

78 50 

15840 

0.110 

0.110 

8880 

8880 

0.884 

0.884 

1040 

1040 

0.077 

0.077 

-51 

0.0210 

0.0322 

1.801 

4.761 

21600 

5500 

22850 

5900 

13660 

3220 

14400 

3490 

156 50 

0.873 

0.920 

8710 

8710 

0.370 

0.401 

8180 

8640 

1.487 

1.46 5 

-53 

0. 0210 

0.0326 

1.801 

4.782 

21000 

3500 

28900 

4960 

13230 

2050 

18110 

2910 

156 50 

0.844 

1.156 

8710 

8710 

0.23 5 

0.334 

7910 

10890 

2.260 

2.198 

-55 

0.0204 

0.0324 

1.750 

4.703 

18000 

1800 

27700 

2780 

11520 

1080 

17750 

1660 

14880 

0.774 

1.192 

8780 

8780 

0.123 

0.189 

6690 

10300 

3.715 

3.708 

-57 

0.0170 

0.0520 

1.456 

4.278 

1885 

9400 

1895 

9400 

1330 

6830 

1375 

6830 

11290 

0.118 

0.122 

7620 

76 20 

0.896 

0.896 

646 

649 

0.069 

0.069 

-59 

0.0169 

0.0316 

1.448 

4.243 

14000 

3500 

14980 

3620 

9940 

2S60 

10640 

2640 

11200 

0.887 

0.949 

7530 

7 530 

0.340 

0.351 

4780 

5110 

1.366 

1.411 

-72 

0. 0168 

0.0314 

1.438 

4.205 

13000 

2240 

19450 

3050 

9300 

16 SO 

138 50 

2240 

11200 

0.831 

1.240 

7440 

7440 

0.222 

0.301 

4440 

66 50 

1.982 

2.180 

-74 

0.0167 

0.0310 

1.429 

4.164 

15190 

3 550 

17850 

4800 

10980 

2630 

12930 

3550 

11120 

0.986 

1.161 

73 50 

73 50 

0.358 

0.483 

5200 

6120 

1.465 

1.275 

-76 

0.0104 

0.0195 

0.887 

2. 599 

4800 

1460 

6510 

1670 

5560 

1740 

7550 

2010 

5470 

1.016 

1.380 

4210 

4210 

0.413 

0.477 

1640 

2220 

1.124 

1.328 

-78 

0.0099 

0.0196 

0.845 

2. 55A 

500 

2500 

900 

4500 

590 

3130 

1060 

5930 

5210 

0.113 

0.204 

3880 

3880 

0.806 

1.450 

16 5 

298 

0.066 

0.066 

-80 

0.0105 

0. 0202 

0.895 

2.663 

4800 

800 

6320 

1170 

5420 

940 

7130 

1380 

5530 

0.980 

1.290 

4290 

4290 

0.219 

0.322 

1610 

2120 

2.013 

1.810 

-82 

0.0106 

0.0206 

0.904 

2.704 

4800 

510 

6290 

600 

53 3 0 

600 

6990 

700 

5610 

0.950 

1.245 

4370 

4370 

0.137 

0.160 

1600 

2100 

3.16 

3.50 

-84 

0.0193 

0.0316 

1.653 

4. 513 

13 550 

14000 

13 550 

14000 

9040 

8950 

9040 

8950 

13750 

0.6 58 

0.658 

6820 

6820 

1.311 

1.311 

4960 

4960 

0.3 54 

0.354 * 

-84B 

0.0193 

0.0316 

1.653 

4. 513 

10670 

10700 

10910 

10000 

7140 

6840 

7310 

6840 

13750 

0. 519 

0. 532 

6820 

6820 

1.004 

1.004 

3910 

3910 

0.399 

0.399 * 

-87 

0.0195 

0.0315 

1.672 

4.532 

15470 

15550 

15470 

15550 

10290 

9840 

10290 

9840 

14040 

0.733 

0.733 

6 580 

6 580 

1.495 

2.131 

5710 

5710 

0.367 

0.367 ** 

-87B 

0.0195 

0.0315 

1.672 

4. 532 

L 

14180 

14400 

14180 

14400 

9920 

9100 

9420 

9100 

14040 

0.671 

0.671 

6 580 

6580 

1.382 

1.382 

5230 

5230 

0.363 

0.363 ♦* 


♦ L - 6.5' 
** L - 2.5 1 
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NACA TN No. 957 


TABLE X 

Bending Plus Torsion Tests 
t - 2.0 E - 10.3 x 10 6 psi 
A - 68.9 L - 12.5 in. 
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<y 

Mu/ 
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j .2, 

£ <77 

BT-2 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

-18 

-20 

-22 

-24 

-39 

-43 

-45 

-61 

-63 

-66 

-66 

-69 

-71 

-73 

-77 

-83 

-85 

-85A 

-88 

-88A 

0.0196 

0.0195 

0.0194 

0.0175 

0.0178 

0.0209 

0.0208 

0.0206 

0.0169 

0.0169 

0.0167 

0.0172 

0.0099 

0.0101 

0.0101 

0.0207 

0.0207 

0.0207 

0.0207 

0.0169 

0.0101 

0.010S 

0.0170 

0.0170 

0.0196 

0.0190 

0.0194 

0.0194 

0.0321 

0.0319 

0.0319 

0.0320 

0.0319 

0.0320 

0.0321 

0.0316 

0.0317 

0.0319 

0.0313 

0.0318 

0.0209 

0.0209 

0.0204 

0.0320 

0.0321 

0.0322 

0.0323 

0.0311 

0.0205 

0.0205 

0.0315 

0.0312 

0.0321 

0.0321 

0.0318 

0.0318 

2.959 
2.924 
2.909 
2.621 
2.666 
3.134 
3.119 
3.089 
2.531 
2.531 
2.501 
2.576 
1.477 
1.507 
1.507 
3.100 
3.100 
3.100 
3.100 
2.523 
1. 509 
1.638 
2.543 
2.543 

2.935 

2.936 
Z.905 
2.905 

5.842 
5.810 
5.792 
5.454 
5. 501 
6.068 

6.057 
5. 986 
5.325 
5.339 
5. 260 
5.386 
3.278 
3.313 
3.277 
6.035 
6.038 
6.042 

6.058 
5. 273 
3.288 
3.321 
5.325 
5.305 

5.840 

5.840 

5.785 

5.785 

6400 

6000 

7200 

6800 

6600 

6000 

4000 

4000 

4000 

6000 

2800 

3000 

600 

1800 

1710 

1600 

10150 

SOOO 

7000 

1600 

500 

1600 

8140 

5000 

8000 

7680 

10000 

8980 

6500 

6000 

3700 

6700 

7000 

5000 

8000 

8000 

2000 

3000 

5650 

6000 

1200 

860 

860 

8000 

2110 

1500 

700 

8000 

2500 

400 

1120 

500 

8000 

8000 

10000 

8850 

13000 
12000 
15700 
10300 
11000 
19800 
7400 
7700 
16000 
15600 
56 50 
6200 
2000 
5900 
6020 
3400 
24000 
24950 
27600 
2600 
1000 
7510 
21000 
23020 

12000 

16100 

16000 

19380 

13000 
11820 
8000 
10450 
11000 
9700 
15400 
15100 
8000 
76 50 
10950 
12600 
3890 
2860 
3070 
16250 
6100 
4340 
2780 
13200 
4700 
1670 
3500 
2270 

12000 

16060 

16000 

19500 

3300 
3100 
3740 
3750 
3610 
2980 
1990 
2010 
2260 
3380 
1605 
1680 
550 
1640 
1580 
800 
5060 
4500 
3480 
920 
460 
1460 
46 20 
2850 

4140 
3960 
5220 J 
4640 ; 

2420 

2120 

1380 

2780 

2860 

1740 

2800 

2840 

860 

1300 

2480 

2520 

880 

610 

620 

2800 

740 

530 

240 

4310 

1810 

280 

490 

210 

2960 

2960 

5740 

3300 

6890 
6250 
8160 
56 80 
6020 
98 50 
3680 
3880 
9040 
8800 
3240 
3480 
1840 
5360 
5540 
1700 
12020 
12450 
13700 
1480 
920 
6800 
11860 
13100 

6200 

8340 

8370 

10150 

4840 
4250 
3000 
4340 
4460 
3390 
5400 
53 20 
3440 
3310 
4790 
63 20 
2860 
2060 
2200 
5700 
2140 
1520 
970 
5680 
3400 
1180 
1490 
970 

4440 
5960 
6960 
72 SO 

5300 
5290 
5250 
4270 
4400 
5590 
5560 
5470 
4070 
407Q 
4000 
4170 
1680 
1870 
1870 
6480 
548Q 
548 0 
5480 
4070 
1870 
1920 
4100 
4110 

5120 

4890 

5420 

5420 

3 540 
3 510 
3470 
2930 
3030 
3900 
3850 
3780 
2810 
2810 
2750 
2920 
1480 
1540 
1540 
3800 
3800 
3800 
3800 
2810 
1540 
1570 
2850 
2850 

6 560 
6240 
7440 
8050 

5560 
5510 
546 0 
5040 
5220 
6040 
5980 
5860 
4890 
4890 
4780 
4880 
2580 
2600 
2600 
6360 
6360 
6360 
6360 
4890 
2600 
2720 
4760 
4760 

8060 

7740 

11150 

12390 

0.622 
0. 686 
0.712 
0.878 
0.820 
0.533 
0.356 
0.367 
0. 555 
0.830 
0.401 
0.403 
0.328 
0.877 
0.845 
0.146 
0.924 
0.821 
0.635 
0.226 
0.225 
0.760 
1.126 
0.694 

0.768 

0.810 

0.963 

0.856 

1.300 
1.181 
1. 554 
1.330 
1.367 
1.761 
0.662 
0.709 
2.220 
2.160 
0.810 
0.835 
1.095 
2.869 
2.962 
0.310 
2.193 
2.271 
2.500 
0.364 
0.492 
3.540 
2.892 
3.189 

1.160 

1.708 

1.565 

1.873 

0.684 
0.604 
0.398 
0.950 
0.945 
0.446 
0.729 
0.751 
0.306 
0.463 
0.903 
0.862 
0. 596 
0.396 
0.403 
0.737 
0.194 
0.139 
0.063 
1.532 
1.175 
0.178 
0.172 
0.074 

0.452 

0.474 

0.503 

0.411 

0.869 
0.772 
0. 549 
0.862 
0.854 
0.561 
0.904 
0.909 
0.704 
0.676 
1.001 
1.090 
1.109 
0.793 
0.846 
0.896 
0.336 
0.239 
0.152 
1.160 
1.309 
0.434 
0.313 
0.024 

0.551 

0.770 

0.534 

0.585 

3220 
3020 
3620 
3270 
3190 
3100 
2060 
2060 
1900 
28 50 
1330 
1430 
270 
820 
790 
820 
5210 
4620 
3 580 
770 
230 
740 
3890 
2400 

4020 

3860 

5020 

4510 

o ijn • h 

6 530 
6040 
7880 
4960 
5330 
10230 
3810 
3970 
7600 
7400 
2690 
2960 
900 
2680 
2770 
1750 
12310 
12810 
14100 
1240 
460 
3480 
10030 
11050 

6030 

8090 

8040 

9740 

0.495 
0. 504 
0.979 
0.488 
0.456 
0.620 
0.258 
0.258 
0.950 
0.950 
0.23 5 
0.238 
0.225 
0.954 
0.918 
0.102 
2.46 5 
3.082 
5.110 
0.096 
0.092 
1.850 
3.470 
4.800 

0.503 
0.483 
0. 502 
0.510 

0.502 
0. 590 
0.984 
0.475 
0.484 
1.054 
0.333 
0.263 
0.950 
0.966 
0.246 
0.23 5 
0.231 
0.938 
0.902 
0.108 
2.020 
2.955 
5.070 
0.094 
0.098 
2.080 
2.865 
4.86 5 

0.502 
0. 504 
0.502 
0.499 

& v bo 

0.650 
0. 590 
0.777 
0.665 
0.684 
0.880 
0.551 
0.554 
1.110 
1.080 
0.406 
0.418 
0. 547 
1.454 
1.481 
0.156 
1.096 
1.156 
1.250 
0.182 
0.246 
1.770 
1.446 
1.594 

0. 575 * 
0.852 * 
0.778 *♦ 
0.956 *♦ 


* L = 6.5 U 
** L = 2.5” 
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1IACA TN No. 957 


TABLE XI ^ 
Bending Plus Torsion Tests > 
£ - 5.0 E - 10.3 x 10 6 psl > 
A - 97.4 sq.in. , L ■ 12.5 in. ^ 
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"V 
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BT-ll 

0.0197 

0.0318 

4.219 

7.104 

4650 

4900 

15700 

15600 

1970 

1280 

66 50 

4040 

2820 

0.69* 

2.358 

1920 

4600 

0.666 

0.878 

2760 

9330 

0.564 

0. 598 

0.786 


-13 

0.0193 

0.0318 

4.134 

7.007 

5000 

4850 

16700 

156 50 

2150 

1280 

6750 

4150 

2730 

0.78# 

2.472 

1890 

4540 

0.677 

0.914 

2940 

9250 

0.606 

0. 591 

0.824 


-16 

0.0202 

0.0316 

4.327 

7.212 

5850 

3000 

22000 

11000 

2450 

760 

9190 

2790 

2920 

0.839 

3.147 

1960 

4700 

0.388 

0.594 

3510 

13200 

1.170 

1.200 

1.049 


-17 

0.0206 

0.0317 

4.412 

7.316 

4200 

2100 

20000 

10000 

1740 

530 

8230 

2480 

3010 

0.57# 

2.734 

2010 

4750 

0.264 

0.522 

2630 

12080 

1.204 

1.208 

0.911 


-19 

0.0206 

0.0319 

4.412 

7.331 

3600 

7850 

9000 

17700 

1480 

1950 

3700 

4400 

3010 

0.49# 

1.229 

2010 

4760 

0.970 

0.926 

2160 

5430 

0.276 

0.307 

0.410 


-19A 

0.0204 

0.0322 

4.369 

7.304 

3400 

7100 

8650 

17100 

1400 

1780 

3550 

4280 

2960 

0.473 

1.199 

1970 

4660 

0.904 

0.918 

2030 

5170 

0.286 

0.303 

0.400 


-21 

0.0198 

0.0317 

4.241 

7.122 

3000 

6000 

8250 

168 50 

1270 

1510 

3480 

4260 

2830 

0.449 

1,230 

1940 

4650 

0.778 

0.916 

1790 

4910 

0.298 

0.292 

0.410 


-23 

0.0178 

0.0317 

3.809 

6.629 

2500 

1600 

13200 

moo 

1140 

460 

6020 

3820 

2420 

0.471 

2.488 

2220 

64 90 

0.207 

0.696 

1440 

7590 

0.900 

0.575 

0.829 


-25 

0.0166 

0.0308 

3.548 

8.266 

2000 

4000 

7400 

15000 

960 

1240 

3 560 

4650 

2180 

0.440 

1.633 

1560 

3810 

0.795 

1.220 

1130 

4180 

0.283 

0.279 

0.544 


-27 

0.0174 

0.0318 

3.723 

6.538 

2000 

4000 

7650 

15050 

920 

1180 

3 540 

4450 

2330 

0.395 

1.519 

1680 

4090 

0.702 

1.088 

1140 

4360 

0.285 

0.289 

0. 60S 


-29 

0.0173 

0.0315 

3.702 

6.492 

2800 

2900 

126 50 

12600 

1300 

860 

5900 

3750 

2310 

0.563 

2.554 

1660 

4040 

0.518 

0.928 

1600 

7210 

0.961 

0. 572 

0.851 


-31 

0.0176 

0.0319 

3.744 

6 . 570 

4000 

2000 

17700 

8800 

1840 

590 

8120 

2580 

23 50 

0.783 

3.456 

1700 

4140 

0.347 

0.623 

2280 

10090 

1.140 

1.146 

1.152 


-33 

0.0170 

0.0321 

3.638 

6.463 

2000 

1030 

18400 

9200 

930 

310 

8 510 

2790 

2260 

0.41* 

3.765 

1620 

4000 

0.191 

0.698 

1120 

10340 

1.089 

1.126 

1.255 


-44 

0.0099 

0.0206 

2.110 

3.890 

700 

1400 

2370 

4720 

540 

730 

1840 

2440 

1000 

0. 540 

1.840 

840 

2070 

0.869 

1.179 

380 

1290 

0.272 

0.273 

0.613 


-46 

0.0100 

0.0202 

2.131 

3.884 

900 

900 

3800 

3800 

710 

460 

2960 

1960 

1020 

0.69<J 

2.902 

860 

2110 

0.535 

0.929 

490 

2080 

0.545 

0.548 

0.967 


-47 

0.0098 

0.0203 

2.089 

3.843 

1260 

640 

4320 

2220 

990 

340 

3370 

1150 

990 

1.000 

3.404 

820 

2020 

0.415 

0.569 

690 

2350 

1.079 

1.089 

1.13 5 


-48 

0.0212 

0.0316 

4.550 

7.469 

1700 

8500 

3730 

18100 

690 

2050 

1510 

436 0 

3140 

0.220 

0.481 

2100 

5040 

0.976 

0.865 

1040 

2280 

0.123 

0.126 

0.160 


-50 

0.0211 

0.0318 

4.526 

7.461 

4000 

1000 

20000 

5000 

1620 

240 

8110 

1220 

3120 

0.519 

2.599 

2080 

4990 

0.115 

0.244 

2430 

12130 

2.430 

2.430 

0.666 


-52 

0.0211 

0.0326 

4. 526 

7.509 

7240 

1190 

20 500 

3500 

2890 

290 

8080 

850 

3120 

0.923 

2.589 

2080 

4990 

0.058 

0.194 

4360 

123 50 

3.661 

3.530 

0.863 


-54 

0.0202 

0.0327 

4.330 

7.295 

3000 

300 

19040 

2000 

1240 

80 

7900 

510 

2920 

0.428 

2.705 

1960 

4700 

0.041 

0.108 

1780 

11310 

5.940 

5.660 

0.902 


-54A 

0,0202 

0.0327 

4.350 

7.296 

8000 

800 

24950 

2500 

3320 

200 

10310 

640 

2920 

1.137 

3.531 

1960 

4700 

0.102 

0.136 

4750 

14810 

5. 940 

5.940 

1.177 


-56 

0.0171 

0.0319 

3.657 

6.477 

1100 

6600 

2850 

14200 

510 

1680 

1320 

4260 

2270 

0.226 

0.581 

1640 

4050 

1.024 

1.052 

620 

1610 

0.111 

0.113 

0.194 


-58 

0.0170 

0.0512 

3.633 

6.593 

1540 

400 

17800 

4370 

730 

120 

8410 

1320 

2260 

0.323 

3.721 

1620 

4000 

0.074 

0.330 

870 

10110 

2.175 

2.314 

1.240 


-60 

0.0170 

0.0319 

3.633 

6.452 

3 580 

600 

18600 

3260 

1S70 

180 

8650 

990 

2260 

0.739 

3.827 

1620 

4000 

0.111 

0.248 

2020 

10480 

3.365 

3.215 

1.276 


-62 

0.0168 

0.0320 

3.583 

6.400 

1340 

250 

20900 

2200 

630 

80 

9850 

670 

2210 

0.286 

4.457 

1580 

3900 

0.051 

0.172 

750 

11700 

3.000 

5.320 

1.486 


—64 

0.0100 

0.0205 

2.131 

3.906 

450 

2250 

1000 

5000 

350 

1160 

770 

2570 

1020 

0.343 

0.755 

860 

2110 

1.345 

1.218 

250 

550 

0.111 

0.110 

0.252 


-67 

0.0100 

0.0203 

2.131 

3.890 

1200 

300 

6160 

1730 

930 

160 

4780 

890 

1020 

0.912 

4.686 

860 

2110 

0.168 

0.422 

660 

3380 

2.200 

1.952 

1.562 


-68 

0. 0099 

0.0200 

2.110 

3.865 

1500 

250 

7240 

1230 

1170 

130 

5640 

640 

1000 

1.170 

5.640 

840 

2070 

0.155 

0.509 

820 

3950 

3.280 

3.210 

1.880 


-70 

0.0100 

0.0100 

2.131 

3.870 

1500 

250 

6690 

900 

1160 

130 

5180 

460 

1020 

1.137 

5.078 

860 

2110 

0.151 

0.218 

1380 

3680 

5. 520 

4.090 

1.693 


-86 

0.0193 

0.0319 

4.140 

7.023 

4000 

4000 

12000 

12000 

1720 

1060 

5180 

3200 

2730 

0.630 

1.896 

2540 

6000 

0.417 

0.534 

2360 

7070 

0. 590 

0.589 

0.632 

♦ 

-86A 

0.0193 

0.0319 

4.140 

7.023 

6000 

5200 

17020 

17300 

2560 

1390 

7300 

4620 

2730 

0.937 

2.671 

2540 

6000 

0. 547 

0.771 

3500 

10030 

0.679 

0.580 

0.890 

* 

-89 

0.0195 

0.0317 

4.180 

7.056 

8000 

8000 

18000 

18000 

3440 

2100 

7730 

4750 

3510 

0.980 

2.200 

5330 

10020 

0.394 

0.474 

4740 

10660 

0.593 

0.593 

0.733 

** 

-8 9 A 

0.0195 

0.Q317 

4.180 

7.056 

7000 

7000 

18410 

24300 

3000 

1840 

7900 

6420 

3510 

0.886 

2.249 

5330 

10020 

0.346 

0.640 

4190 

10890 

0.593 

0. 592 

0.750 

*♦ 


* L ** 6. 5" 


L - 2.5" 


w 

->3 
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TABLE XII 

Bending Plus Direct Shear Tests 

£ - 1.0 E - 10.3 x 10 6 psi 

b ■ 3.01" -a, L ■ 6.5" except where noted 


Spec. 

Ho. 

In. 

Is 

in 4 

it 

in 4 

sq. in. 

£ 

in. 

F 

lb. 


psi 

psi 

or 

D 0 

psi 

^b 

Fb 

°>0 

BS-10 

0.0215 

1.844 

5.161 

0.407 

14.6 

1570 

1.737 

5850 

13390 

16430 

0.814 

-11 

ft 

ff 

ft 

ff 

80.0 

310 

9.496 

760 

14410 

ff 

0.677 

-11B 

It 

ff 

ff 

ff 

80.0 

270 

9.496 

660 

12590 

ff 

0.760 

-12 

tt 

ff 

5.406 

tf 

29.1 

7 SO 

3.292 

1840 

12120 

ff 

0.738 

-12B 

w 

ff 

5.6 50 

tf 

29.1 

1170 

3.150 

3870 

18140 

ff 

1.104 

-13 

it 

ff 

ff 

ft 

58.5 

640 

4.153 

1570 

13050 

It 

0.784 

-13B 

tf 

ft 

ff 

ff 

58.5 

820 

4.153 

2010 

16710 

. ff 

1.019 

-15B 

M 

ff 

5.650 

If 

55.1 

610 

5.752 

1500 

17230 

ff 

1.049 

-16 

If 

ff 

tt 

ff 

4.9 

23 50 

0.529 

576 0 

6140 

ff 

0.374 

-17 

0.0165 

1.411 

5.089 

0.312 

4.9 

960 

0.451 

5080 

2780 

11130 

0.250 

-18 

ff 

ff 

« 

ff 

10.1 

1140 

0.931 

5650 

6810 

* 

0.611 

-19 

ft 

ff 

ft 

ff 

14.6 

! 1040 

1.346 

5330 

8990 

n 

0.807 

-20 

0*0220 

1.887 

5.204 

0.416 

10.1 

2620 

1.210 

6500 

15210 

17050 

0.891 

-21 

0.0215 

1.844 

5. 161 

0.407 

64.8 

350 

7.700 

860 

13220 

16430 

0.806 

-21B 

!» 

ft 

tf 

ft 

52.5 

i 1050 

3.865 

2580 

19900 

16430 

1.211 

-22 

0.0165 

1.411 

5.089 

0.512 

10.1 

i 1330 

0.931 

4260 

7950 

11130 

0.714 

•25 

«i 

ft 

ft 

it 

79.8 

300 

7.360 

960 

14150 

M 

1.270 

-25 B 

n 

f? 

ft 

w 

59.2 

260 

5.460 

850 

9100 

« 

0.816 

-24 

ft 

ft 

tf 

tt 

58.4 

380 

3.540 

1220 

8650 

n 

0.774 

-24B 

ft 

tt 

N 

tt 

58.4 

340 

3.540 

1090 

7730 

• 

0.694 

-25 

n 

tt 

ff 

n 

56.1 

690 

3.330 

2210 

14710 

* 

1.320 

-64 

0.0101 

0.861 

2.167 

0.191 

79.8 

62 

10.52 

520 

6870 

5350 

1.282 

-64 B 

ff 

« 

tt 

» 

tt 

64 

10.52 

340 

7100 

n 

1.327 

-65 

ff 

tf 

2.624 

tt 

59.4 

98 

6.47 

510 

6690 

n 

1.250 

-6 5B 

ff 

tt 

tt 

tt 

tt 

75 

6.47 

590 

5110 

tt 

0.955 

—66 

0.0100 

0.8 52 

2.554 

0.189 

41.0 

130 

4.060 

690 

6290 

5150 

1.221 

-66 B 

ff 

ft 

tt 

ft 

H 

114 

n 

600 

5510 

5150 

1.070 

-67 

0.0105 

0.878 

2.611 

0.194 

29.6 

200 

3.250 

1000 

6830 

57 50 

1.187 

-67B 

ft 

tt 

« 

tt 

tt 

160 

H 

• 

820 

5460 

5750 

0.950 

—68 

0.0100 

0.852 

2.585 

0.189 

19.8 

310 

2.170 

1640 

7150 

5150 

1.388 

-68B 

ft 

tt 

tt 

tt 

it 

260 

ff 

1370 

5990 

5150 

1.162 

-69 

ff 

tt 

2.590 

tt 

9.9 

310 

1. 081 

1640 

3570 

5150 

0.692 

-70 

0.0101 

0.861 

2.617 

0.191 

n 

3 50 

1.084 

1850 

3990 

53 50 

0.776 

♦ -57B 

0.0196 

1.679 

4.456 

0.571 

79.9 

310 

9.800 

840 

16420 

14 510 

1.131 

* -58B 

0.0206 

1.756 

4.607 

0.588 

14.2 

1690 

1.790 

43 50 

156 50 

15250 

1.027 

* -59 

0.0100 

0.852 

2. 583 

0.189 

41.4 

120 

4. 540 

630 

5790 

5150 

1.125 

♦ -59B 

rt 

tt 

tt 

tt 

19.9 

300 

2.185 

1590 

6950 

5150 

1.350 


* L - 16.0 in. 
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TABLE XIII 

Bending Plus Shear Tests 

£ - 2.0 E = 10.3 x 10 6 psi 
b » 3.01 in. a =* 6.02 in. 

L = 6.5 in. except where noted 


S pec. 
No. 

in. 

Is 

inf 

it 

in* 

sq. in. 

i 

in. 

F 

lb. 


r b 

psi 

psi 

or 

b o 

psi 

°b 

Fb 


BS-37 

0.0200 

2.999 

5. 83 5 

0. 583 

79.8 

150 

13.32 

260 

6180 

5260 

1.172 

-37B 

tt 

n 

tt 

n 

tt 

230 

tt 

400 

9360 

tt 

1.780 

-38 

0.0210 

3.152 

6.019 

0.613 

10.1 

1510 

1.76 

2470 

7670 

56 70 

1.355 

-39 

tt 

V 

tt 

tt 

23.0 

590 

4.00 

960 

6710 

tt 

1.183 

-39B 

« 

tt 

?t 

« 

tt 

780 

n 

1270 

8870 

tt 

1. 565 

-40 

ti 

tt 

w 

tt 

35.6 

400 

6.18 

6 50 

7120 

tt 

1.255 

-40B 

ft 

ft 

it 

tt 

n 

370 

tt 

600 

6 590 

tt 

1.161 

-41 

tt 

ft 

tt 

n 

50.4 

340 

8.76 

560 

8560 i 

" 

1.510 

-41B 

ft 

ft 

rt 

tf 

64.8 

220 

11.26 

360 

7140 

IT 

1.529 

-41C 

tt 

ft 

?t 

tt 

4.9 

1510 

0.85 

2460 

3700 

ft 

0.652 

-71 

0.0104 

1.552 

3.266 

0.303 

8.0 

370 

1.26 

1220 

2760 

1970 

1.401 

-71B 

ft 

ft 

n 

w 

8.2 

280 

1.30 

920 

2140 ! 

n 

1.087 

-73 

0.0103 

1.537 

3.262 

0.300 

14.4 

150 

2.26 

500 

1990 1 

1950 

1.020 

-73B 

n 

tt 

tt 

ft 

n 

170 

ft 

570 

2020 

tt 

1.035 

-74 

0.0104 

1.(552 

3.273 

0.303 

19.5 

120 

3.08 

400 

2150 ; 

1970 

1.091 

-74B 

ft 

tt 

ft 

tt 

tt 

140 

it 

460 i 

2510 \ 

tt j 

1.272 

-76 

tt 

p 

tt 

tf 

28.9 

140 

4. 53 

460 1 

3720 

w 1 

1.889 

-76B 

ft 

tt 

ft 

n 

ft 

140 

ft 

460 

3720 

tt 

1.889 

-78 

0.0102 

1.522 

3.281 

0.297 

41.2 

75 

6.37 

250; 

2830 

1920 

1.472 

-78B 

w 

tt 

tt 

tt 

tt 

75 

ft 

250 

2830 j 

tt 

1.472 

-80 

0.0100 

1.492 

3.225 

0.291 

59.1 

32 . 

9.10 

110 

1770 1 

1860 

0.951 

-80B 

ft 

it 

tt 

tt 

tt 

47 

n 

16 5 

2590 j 

w 

1.391 

-82 

ft 

it 

ft 

tt 

79.8 

35 

12.26 

120 

2610 ; 

« 

1.402 

-82B 

ft 

it 

tt 

n 

N 

38 

ff 

ISO : 

2830 ! 

tt ! 

1.510 

-84 j 

0.0175 

2.621 

5.490 

0. 510 

79.8 

170 | 

12.65 

330 

7440 

4310 

1.725 

-84B 

tt 

ti 

n 

it 

it 

170 

n 

330 

7440 

tt 

1.725 

-86 

0.0174 

2.606 

5.472 

0.507 

59.4 

220 

9.41 

430, 

7190 

4270 

1.681 

-86B 

it 

tt 

ft 

tt 

ft 

210 

tt 

410 ! 

6860 

n 

1.605 

-87 

0.0173 

2. 591 

5.396 

0. 504 

38. 5 

250 

6.15 

500 

53 80 

4240 

1.269 

-87B 

tt 

tt 

w 

it 

n 

320 

tt 

640 

6880 

it 

1.621 

-89 

0.0170 

2. 546 

5.313 

0.496 

23.4 

390 

3.73 

790 

5160 

4130 

1.220 

-89B 

tt 

ft 

tt 

tt 

ft' 

440 

tt 

890 

583 0 

tt 

1.378 

-91 

0.0172 

2.576 

5.356 

0. 501 

19.5 

440 

3.12 

880 

4820 

4200 

1.148 

-91B 

tt 

tt 

tt 

tt 

ft 

620 

« 

1240 

6800 

h 

1.619 

-93 

« 

tt 

n 

tt 

14.4 

710 

2.29 

1420 

5740 

» 

1.366 

-93 B 

n 

tt 

« 

tt 

n 

770 

ft 

1540 

6240 

n 

1.485 

-95 

tt 

tt 

n 

« 

4.9 

1080 

0.77 

2160 

2970 

it 

0.707 

♦ -60 

0.0199 

2.984 

5.889 

0. 580 

24.6 

620 

4.14 

1070 

7790 

5220 

1.491 

* -60B 

tt 

tt 

w 

« 

14. 5 

880 

2.44 

1520 

6 53 0 

n 

1.250 

* -61 

0.0099 

1.477 

3.205 

0.288 

29.0 

95 

4.44 

370 

2 590 

1830 

1.415 

* -61B 

n 

tt 

tt 

n 

14. 5 

200 

2.22 

770 j 

2720 

tt 

1.486 


* L * 16.0 in 
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TABLE XIV 

Bending D lus Direct Shear Tests 
£=3.0, E = 10.3 x 10 6 psi 
b =3.01 in., a = 9.03 in. 

L = 6.5 in. except where noted 


Spec. 

No. 

t s 

in. 

Is 

in 4 

it 

in 4 

sq. in. 

in. 

F 

lb. 

1 

JL 

Z"b 

psi 

■ 

psi 

% 

psi 

*5 

Fb 


BS-34 

0. 0200 

4.284 

7.120 

0.804 

19.6 

480 

! 3.294 

600 

3970 

2920 

1.360 

-34B 

ft 

tt 

tt 

tt 

tt 

920 

n 

1150 

7620 

tt 

2.605 

-3 5 

ff 

tt 

ft 

tt 

3 5.6 

260 

7.122 

325 

3920 

« 

1.341 

-3 5B 

ft 

tt 

tt 

tt 

68.9 

110 

' 13 . 78 

13 5 

3210 

m 

1.099 

-36 

ft 

tt 

tt 

tt 

10.1 

970 

2.025 

1210 

4140 

tt 

1.418 

-36B 

ft 

ti 

tt 

tt 

tt 

1520 

tt 

1890 

6490 

n 

2.220 

-56 

0.0197 

4.219 

7.089 

0.792 

53.1 

150 

10. 50 

190 

3380 

2820 

1.199 

-56B 

»t 

tt 

tt 

tT 

77.5 

120 

15.33 

150 

3920 

ft 

1.390 

-72 

0.0101 

2.152 

3.879 

0.405 

10.1 

130 

1.870 

320 

1020 

1040 

0.981 

-75 

0.0105 

2.238 

3.955 

0.421 

19.5 

110 

3.670 

260 

1630 

1100 

1.469 

-75B 

ft 

tt 

tt 

ft 

tt 

100 

tt 

240 

1480 

tt 

1.333 

-77 

0.0104 

2.216 

3.952 

0.417 

23.4 

100 

4.363 

240 

1780 

1090 

1.631 

-77B 

tt 

ft 

tt 

tt 

tt 

74 

tt 

175 

1320 

tt 

1.211 

-79 

ft 

tt 

tt 

tt 

29.6 

120 

5. 505 

290 

2710 

n 

2.485 

-79B 

tt 

tt 

tt 

tt 

tt 

81 

n 

195 

1830 

n 

1.679 
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Figure 1.- Typical tensile stress-strain curves for 24S-T 
aluminum alloy sheet used in specimens. 
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Figure 2.- Tensile properties of 24S-T aluminum alloy 
sheet used in specimens . 
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Figure 3a.- Cross section of specimen. 



Figure 3b.- Longitudinal section of specimen showing spacer blocKs . 



Figure 3c.— Exposed section of test 
specimen shC7/ing details 
of construction. 



Figure 5.- Testing machine used for pure 
bending and bending plus 
torsion tests. 
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Figure 4.- Testing machine and 

apparatus used for pure 
torsion tests. 


ngure b . Testing machine used for 
bending plus shear tests 
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Figure 13.- Design curve of ultimate torsional 

strengtn of semi-elliptical cylinders. 



Figure 14.- Comparison of experimental and calculated normal 
stresses for pure bending (below buckling). 
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Figure 15.- Comparison of experimental and calculated 
normal stresses due to bending deformation 
taken just below the buckling load. 
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Figure 16.- Design curve of buckling (and ultimate) strength of 
semi-circular cylinders under pure bending. 
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Figure 17.- Effect of seams on buckling strength of circular cylinders. 
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Figure 18.— Bending strengtn of sensi-elliptical and senii— circular cylinders. 
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Figure 20 .- Torsional stresses in semi-circular cylinders 
loaded in bending plus torsion for e = 1.0. 
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Figure 21.- Bending stresses in semi-circular cylinders 
leaded in bending plus torsion for c = 1.0. 
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Figure 22.- Torsional stresses in serr.i-elliptical cylinders 
loaded in bending plus torsion for e = 2.0. 
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Figure 23.- Bending stresses in semi-elliptical cylinders 
loaded in bending plus torsion for € = 2.0. 
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Figure 24.- Torsional 
leaded ir* 


stresses in semi-elliptical cylinders 
oending plus torsion for e ^ 3.0. 
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Figure 25,- Bending .stresses in semi-circular cylinders 
loaded in bending plus torsion for c = 3.0. 


NACA TN No. 957 Figs. 24,25 



NACa TO No. 9=? 


Fies. 26,27 



.04 06 . 060.1 0.2 03 0 4 06 0 . 81.0 2.0 30 4.0 6.0 8 . 010 . 

Mb 


Figure 26.- Torsional bucklir.g ,-tre^i in semi-elliptical 
cylinders loaded in bending plus torsion. 
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Figure 27.- Compression buckling stress in seoii -elliptica 
cylinders loaded in bending plus torsion. 
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Figure 28.- Ultimate torsional stress in semi-elliptical 
cylinders leaded in bending plus torsion. 
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Figure 29.- Ultimate compression stress in semi-elliptical 
cylinders loaded in bending plus torsion. 
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Figure 30.- Comparison of experimental and calculated bending stresses 
for combined loading conditions taken just below tne 
buckling load. 
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Figure 31.- Buckling stress in compression for bending 
plus shear tests. 
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Figure 32.- t Sb for bending plus shear test6. 
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Figure 36.- Buckling stress in compression for bending 
plus shear tests. 
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Figure 37.- r 8b for bending plus shear tests. 
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Figure 40.- Tq^ for bending plus shear tests of semi-elliptical cylinders. 
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Figure 41.- Buckling stress in compression for 
bending plus shear tests. 
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Figs. 42,43 



Figure 42.- tab for bending plus shear tests. 



Figure 43.- r Bo for bending plus shear tests. 
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Figure 44 - -c Sb for bending plus shear tests. 
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Figure 45.- t 3 ^ for bending plus shear tests of semi-elliptical cylinders. 



